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1. INTRODUCTION	  
	  	  Marine	   phytoplankton	   is	   being	   seriously	   affected	   by	   the	   presence	   of	   certain	  microscopic	   algae,	   which	   are	   critical	   food	   for	   filter-­‐feeding	   bivalve	   shellfish	  (mussels,	  clams	  scallops,	  oysters,	  etc.)	  as	  well	  as	  larvae	  of	  crustaceans	  and	  finfish.	  The	   plankton	   algae	   proliferation	   (“algal	   blooms”)	   is	   beneficial	   for	   aquaculture;	  however,	   algal	   blooms	   can	   also	   have	   negative	   effects,	   causing	   important	   socio-­‐economic	  damage.	  	  The	  first	  written	  reference	  to	  a	  harmful	  algal	  bloom	  could	  be	  in	  the	  Bible	  (Exodus	  7:	  20-­‐21):	  “…all	  the	  waters	  that	  were	  in	  the	  river	  were	  turned	  to	  blood,	  fishes	  died,	  Egyptians	  could	  not	  drink	  the	  water	  of	  the	  river”.	  	  One	  of	  the	  first	  fatal	  cases	  of	  human	  poisoning	  after	  eating	  shellfish	  contaminated	  with	  dinoflagellate	   toxins	  was	   reported	   in	  1973	   (Poison	  Cove,	  British	  Columbia).	  At	   that	   time,	   local	   Indian	   tribes	   were	   not	   allowed	   to	   eat	   shellfish	   when	   the	  seawater	  became	  phosphorescent	  due	  to	  dinoflagellate	  blooms;	  these	  were	  related	  to	   certain	   alkaloid	   toxins,	   now	   called	   paralytic	   shellfish	   poisoning	   (PSP)	   toxins.	  Since	   then,	  more	   cases	   have	   been	   reported	   and,	   on	   a	   global	   scale,	   close	   to	   2000	  cases	   of	   human	   poisoning	   by	   toxins	   through	   fish	   or	   shellfish	   consumption	   are	  reported	   each	   year.	   For	   this	   reason,	   there	   is	   a	   need	   to	   strictly	   control	   the	  compounds	  responsible	  in	  order	  to	  ensure	  seafood	  safety.	  	  Where	   toxic	   algal	   species	   are	  present,	   shellfish	   can	  be	   rendered	  unfit	   for	  human	  consumption.	   In	   this	   way,	   filter-­‐feeding	   shellfish	   can	   act	   as	   vectors	   of	   various	  seafood	  poisonings	  syndromes	  such	  as	  PSP,	  diarrhoetic	  shellfish	  poisoning	  (DSP)	  and	  amnesic	  shellfish	  poisoning	  (ASP)	   in	  human	  consumers.	  The	  existence	  of	   the	  phenomenon	  of	   toxic	  phytoplankton	  blooms	  has	  given	  rise	  to	  many	  international	  scientific	  meetings	  concerned	  with	  the	  environmental	  and	  health	  impacts	  of	  these	  potentially	  catastrophic	  incidents.	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Table	  1:	  Principal	  marine	  toxins	  
Toxicidad	   Especie Tipo	   Referencia	   Incidencias	  documentadas	  
PSP	  
Alexandrium catenella Dinoflagellate	   Konovalova,	  1993;	  Prakash	  et	  al.,	  1966	   Russia	  
Alexandrium	  
catenella	   Dinoflagellate	   Onoue	  et	  al.,	  1980	   Japan,	  EE.UU.,	  China	  
Alexandrium	  
fundyense	   Dinoflagellate	   Adachi	  et	  al.,	  1995	   EE.UU.	  
Alexandrium	  
tamarense	   Dinoflagellate	   Adachi	  et	  al.,	  1993;	  Franks	  et	  al.,	  1992	  
Japan,	  EE.UU.,	  Thailand,	  New	  Zealand,	  Russia,	  China	  
Gymnodimium	  
catenatum	   Dinoflagellate	   Mee	  et	  al.,	  1986;	  Fraga	  et	  al.,	  1993	   Japan,	  Spain,	  Australia,	  Mexico	  
Pyrodinium	  




















Dinophysis	  acuta	   Dinoflagellate	   Carmody	  et	  al.,	  1996;	  James	  et	  al.,	  1999	   Europe,	  New	  Zealand,	  Russia	  
Dinophysis	  
acuminata	   Dinoflagellate	   Kat,	  1983;	  Yasumoto	  et	  al.,	  1984	   New	  Zealand,	  Russia	  
Dinophysis	  fortii	   Dinoflagellate	   Tubaro	  et	  al.,	  1995;	  Yasumoto	  et	  
al.,	  1980	   New	  Zealand,	  Japan	  
Dinophysis	  
norvegica	   Dinoflagellate	  
Subba	  Rao	  et	  
al.,	  1993a,	  1993b;	  Carpenter	  et	  
al.,	  1995;	  Aune	  et	  al.,	  1995	  
Canada,	  Norway	  
Dinophysis	  mitra	   Dinoflagellate	   Yasumoto	  et	  al.,	  1990;	  Lee,	  
et	  al.,	  1989b	   Japan	  




rotundatum	   Dinoflagellate	   	   Russia	  
Prorocentrum	  lima	   Dinoflagellate	  
Yasumoto	  et	  
al.,	  1990;	  Marr	  et	  al.,	  1992;	  Lawrence	  et	  
al.,	  1998	  




Dinoflagellate	   Morton	  et	  al.,	  1994;	  Aikman	  et	  al.,	  1993	   EE.UU.,	  Virgin	  Island	  
Prorocentrum	  
belizeaman	  Faust	   Dinoflagellate	   Morton	  et	  al.,	  1998a	   Belice	  Reef	  Coral	  
Prorocentrum	  
faustiae	   Dinoflagellate	   Morton,	  1998b	   Heron	  Island,	  Australia	  
Prorocentrum	  
aremarium	  Faust	   Dinoflagellate	   Ten-­‐Hage	  et	  al.,	  2000	   	  Indic	  Ocean	  (SO)	  
Prorocentrum	  
concavum	   Dinoflagellate	  
Pleasance	  et	  




mimimun	   Dinoflagellate	   Tubaro	  et	  al.,	  1995;	  Grzebyk	  et	  
al.,	  1997	   New	  Zealanda,	  Russia,	  China	  
ASP	  
Pseudonizschia	  f.	  
multiseries	   Diatom	   Taylor,	  1993;Nehring	  et	  al.,	  1995	   Canada,	  North	  Sea	  
Pseudonizschia	  
pseudodelicatissima	   Diatom	  
Aune	  et	  al.,	  1995;	  Taylor,	  1993;	  Nehring	  et	  al.,	  1995	  
North	  Sea,	  Norway	  
Pseudonizschia	  
australis	   Diatom	   Work	  et	  al.,	  1993;	  Taylor,	  1993;	  Chang	  
et	  al.,	  1995	   EE.UU.,	  Canada,	  New	  Zealand	  
NSP	   Gymnodinium	  breve	   Dinoflagellate	   McFarren	  et	  al.,	  1965	   New	  Zealand,	  China,	  Mexico,	  EE.UU.	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Ciguatera	   Gambierdiscus	  toxicus	   Dinoflagellate	   Yasumoto	  et	  al.,	  1993b;	  Yasumoto	  et	  
al.,	  1995	   French	  Polynesia	  
Palytoxin	   Pseudomonas	  sp.	   Red	  Algae	   Moore	  et	  al.,	  1971	   Hawaii	  (EE.UU.)	  
Tetrodotoxin	   Vibrio	  alginolyticus	   Bacteria	   Yotsu	  et	  al.,	  1989	   Japan	  
Cooliatoxin	   Coolia	  monotis	   Dinoflagellate	   Holmes	  et.al.,	  1995	   Australia	  
Gymnodimine	   Gymnodinium	  mikimotoi	   Dinoflagellate	   Seki	  et	  al.,	  1995	   New	  Zealand	  
Pinatoxin	  A	   Okinawan	  P.	  muricana	   	   Uemura	  et	  al.,	  1995	   Japan,	  China	  
Azaspiracids	   Protoperidinium	  crassipes	   Dinoflagellate	   Ito	  et	  al.,	  2000	   Ireland	  
Spirolides	   Alexandrium	  ostenfeldii	   Dinoflagellate	   Hu	  et	  al.,	  1995a;	  	  Cembella	  et	  
al.,	  1999	   Canada	  	  	  
	  
1.1.	  PARALYTIC	  SHELLFISH	  POISONING	  TOXINS	  	  PSP	   is	   the	   neurotoxic	   syndrome	   that	   is	   the	   result	   of	   human	   consumption	   of	  contaminated	  seafood.	  Toxins	  associated	  with	   this	  were	  referred	   to	  as	  saxitoxins	  since	   saxitoxin	   initially	   was	   thought	   to	   be	   the	   only	   agent	   responsible	   for	   this	  contamination.	  The	   incidence	   of	   PSP	   has	   significantly	   increased	   since	   the	   1970s,	   and	   this	  poisoning	  at	  present	  is	  appearing	  in	  regions	  of	  the	  world	  where	  it	  has	  never	  been	  known.	   The	   poisoning	   is	   sporadic	   and	   unpredictable.	   At	   present,	   PSP	   must	   be	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considered	   as	   a	   global	   problem	   that	   requires	   better	   professional	   and	   public	  awareness.	  This	   poisoning	   has	   long	   been	   known	   to	   native	   Americans	   (Kao,	   1993).	   Captain	  George	   Vancouver	   aboard	   the	   Discovery	   described	   experiences	   with	   PSP	  intoxications	   on	   a	   trip	   to	   British	   Columbia	   in	   1793.	   After	   eating	   mussels,	   some	  members	   of	   his	   crew	   were	   sick	   with	   neurotoxic	   symptoms	   (Vancouver,	   1798).	  Until	  1970,	  about	  1600	  cases	  of	  human	  intoxication	  had	  been	  recorded	  worldwide,	  especially	  in	  North	  America	  and	  Europa	  (Prakash	  et	  al.,	  1971).	  Since	  then,	  almost	  1000	   cases	   have	   been	   reported,	  many	  occurring	   in	   regions	  where	  PSP	  had	  been	  known	  (World	  Health	  Organization,	  1984).	  	  
1.1.1.	  SOURCE	  ORGANISMS	  The	   organisms	   considered	   as	   primary	   sources	   of	   PSP	   include	   three	  morphologically	   distinct	   genera	  of	   dinoflagellates	   as	  well	   as	   one	   species	   of	   blue-­‐green	   algae	   present	   in	   freshwater.	   Aphanizomenon	   flos-­‐aquae,	  which	   was	   long	  suspected	  to	  contain	  saxitoxin-­‐like	  compounds,	  has	  been	  an	  important	  tool	  in	  the	  elucidation	   of	   saxitoxin	   biosynthesis	   as	   well	   as	   being	   responsible	   for	   poisoning	  occurring	   among	   terrestrial	   animals	   drinking	   algal-­‐infested	   freshwater	   supplies.	  Marine	   animals	  were	   also	   affected	   by	   this	   poisoning	   	   (Carmichael	   and	   Falconer,	  1993).	  The	  link	  between	  shellfish	  toxicity	  and	  dinoflagellates	  was	  first	  established	  in	  1927	  after	  an	  outbreak	  of	  PSP	  in	  San	  Francisco	  Bay.	  The	  toxic	  dinoflagellate	  was	  assigned	  to	  the	  genus	  Gonyaulax	  and	  named	  G.	  catenella.	  Several	  dinoflagellates	  of	  similar	  morphology	  were	  found	  later	  to	  be	  responsible	  for	  the	  PSP	  toxicity.	  These	  organisms	  usually	  have	  been	  assigned	  to	  the	  genus	  Gonyaulax;	  taxonomic	  revisions	  have	   been	   carried	   out	   and	   these	   dinoflagellates	   are	   now	   considered	   as	  
Alexandrium	   (Balech,	   1985).	   Pyrodinium	   bahamense,	   a	   dinoflagellate,	   was	   also	  found	  to	  be	  responsible	  for	  a	  PSP	  outbreak	  in	  Papua	  New	  Guinea.	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a)	   	  b)	   	  Figure	  1:	  Producer	  organisms	  of	  PSP;	  a)	  Pyrodinium	  bahamenses	  b)	  Alexandrium	  spp	  	  	  
1.1.2.	  CHEMISTRY	  PSP	   toxins	   represent	   a	   group	   of	   highly	   polar	   water-­‐soluble	   compounds	   whose	  structure	  is	  shown	  in	  Fig.	  2.	  More	  than	  20	  analogues	  of	  saxitoxin,	  considered	  in	  the	  past	  as	  the	  main	  agent	  responsible	  for	  this	  syndrome,	  have	  been	  reported	  to	  occur	  naturally.	   The	   saxitoxin	   molecule	   is	   a	   tetrahydropurine	   composed	   of	   two	  guanidinium	   functions	   fused	   together	   in	   a	   stable	   azaketal	   linkage.	   At	   C-­‐11,	  saxitoxin	   possesses	   a	   germinal	   diol.	   Traditionally,	   the	   PSP	   toxins,	   heterocyclic	  guanidines,	  were	  divided	   into	   three	  groups	  –	   carbamates,	   sulphocarbamoyls	   and	  decarbamoyls	  (Oshima	  et	  al.,	  1989)	  –	  with	  six	  toxins	  in	  each.	  Subsequently,	  a	  few	  deoxycarbamoyl	   compounds	   have	   been	   added	   to	   this	   group.	   The	   structural	  relationships	   among	   these	   compounds	   suggested	   the	   possibility	   of	   multiple	  bioconversions	  into	  these	  PSP	  analogues.	  	  
pectenotoxins and yessotoxins with the last two not
proved to cause diarrheic symptoms following intoxica-
tion. For each of these three main toxin groups and sub-
groups, the occurrence of the toxins, their chemical
characteristics, toxicokinetic evaluations, human-expo-
sure assessments and detailed review of potential methods
of analysis have in recent years been published by the
European Food Safety Authority (EFSA) as scientific
opinions [9–14]. The diversity of the numerous analogues
or natural enzymatic metabolites of marine biotoxins has
been described [15]. Fig. 1 highlights the structure of the
parent or reference toxin within each group and an indi-
cation of the number of relative analogues or natural
enzymatic metabolites. Table 1 lists the producers of the
toxin, mechanism of action and effects in h mans in
addition to the current European Union (EU) reference
methods of analysis and regulatory limits in shellfishmeat
applied in the monitoring regimes.
Currently, EU regulations stipulate that the reference
methods for the detection of marine biotoxins are two
distinct animal bioassays based on the hydrophilic [16]
and lipophilic [17] solvents used for the extraction
procedure. The detection of domoic acid is an excep-
tion where the reference method is high-performance
liquid chromatography with ultraviolet detection
(HPLC-UV) [3,5]. HPLC with fluorimetric detection
(HPLC-FLD) for saxitoxin and analogues [4] and an
enzyme-linked immunosorbent assay (ELISA) for do-
moic acid [5] are officially accepted as screening
methods but the reference methods for these toxins are
the aforementioned.
However, this review also includes prospective
emerging toxins to European waters [e.g., cyclic imines,
palytoxin, tetrodotoxin, maitotoxin, ciguatoxins and
neurotoxin-poisoning brevetoxins (Fig. 2)], as their
occurrence could have severe implications with regards
to seafood safety [18]. In addition, as the shellfish trade
expands globally with increased exports and imports to
and from regions of the world where these toxins are
prevalent, effect ve monitoring meth ds will need to be
in place within the EU. Although EFSA has published
scientific opinions for emergin toxins (Table 2) [19–22],
with the exception of tetrodotoxin, these toxins are not
specified by the current EU regulations. At present, their
detection is coincidental, as some co-extract with DSP or
PSP toxins using the specified sample-preparation pro-
tocols for the EU-approved animal bioassays. However,
in many other regions of the world, animal bioassays are
the method of choice for monitoring these phycotoxins
in various seafoods. This review discusses the problems





















R1 R2 R3 R4: OCONH2 R4: OCONHSO3- R4: OH R4: H
H H H Saxitoxin (STX) B1 (GTX 5) dc-STX do-STX 
H H OSO3- Gonyautoxin (GTX) 2 C1 dc-GTX 2 do-GTX 2 
H OSO3- H GTX 3 C2 dc-GTX 3 do-GTX 3 
OH H H Neosaxitoxin (NEO) B2 (GTX 6) dc-NEO 
OH H OSO3- GTX 1 C3 dc-GTX 1 
OH OSO3- H GTX 4 C4 dc-GTX 4 
Carbamate toxins
Figure 1. Chemical structure of the parent/reference toxin(s) for marine biotoxin groups regulated by the European Union.
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  Figure	  2:	  Saxitoxin	  chemical	  structure	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1.1.3.	  TOXICOLOGY	  The	   in	   vitro	   effects	   of	   saxitoxins	   have	   been	   studied	   carefully	   (Kao	   et	   al.,	   1971).	  Saxitoxin	  exhibits	  a	  relaxant	  action	  on	  vascular	  smooth	  muscle,	  and	  the	  action	  of	  the	   cardiac	   muscle	   is	   depressed	   as	   it	   also	   has	   a	   physiological	   channel-­‐blocking	  effect.	   Guanidinium	   groups	   are	   key	   structural	   features	   of	   toxins	   involved	   in	  blockage	  of	  Na+	  conductance	  through	  nerve	  membranes.	  	  The	   main	   symptoms	   of	   this	   intoxication	   include	   tingling	   and	   numbness	   of	   the	  mouth	  and	   lips,	  appearing	  shortly	  af1ter	   intake	  of	  seafood	  containing	  PSP	  toxins.	  The	  symptoms	  spread	  to	  the	  rest	  of	  the	  face	  and	  the	  neck.	  A	  sensation	  of	  prickling	  in	  the	  fingers	  and	  toes	  is	  experienced,	  followed	  by	  headache	  and	  dizziness.	  In	  some	  cases,	   symptoms	   of	   nausea	   and	   vomiting	   can	   occur	   in	   the	   early	   state	   of	   the	   PSP	  intoxication.	  In	  cases	  of	  moderate	  to	  severe	  intoxications,	  paraesthesia	  spreads	  to	  the	  arm	  and	  legs.	  After	  that,	  the	  patients	  can	  speak	  only	  incoherently,	  and	  a	  feeling	  of	   weakness	   is	   also	   experienced.	   In	   addition,	   respiratory	   difficulties	   can	   appear	  and	   patients	  with	   severe	   intoxication	  may	   experience	   paralysis	   on	  muscles	   and,	  finally,	  death	  as	  a	  consequence	  of	   the	  progressive	  respiratory	  problems	  (Prakash	  et	  al.,	  1971).	  	  The	   main	   source	   of	   the	   intoxication	   is	   the	   consumption	   of	   bivalves,	   including	  mussels,	   clams,	   oysters,	   etc.	   Nevertheless,	   some	   other	   seafood	   such	   as	   crabs,	  several	  fishes,	  etc.	  can	  also	  be	  responsible	  for	  this	  poisoning.	  	  	  These	   toxins	   are	   absorbed	   rapidly	   from	   the	   gastrointestinal	   tract	  due	   to	   the	   fact	  that	  they	  are	  positively	  charged,	  since	  to	  the	  two	  guanidinium	  have	  an	  alkaline	  pKa	  and	  are	  protonated	  with	  a	  net	  cationic	  charge	  in	  the	  human	  body	  pH	  of	  7.4.	  	  	  The	   elimination	   of	   PSP	   toxins	   takes	   about	   90	  minutes,	   and	   clinical	   studies	   have	  shown	   that	   patients	   who	   survive	   the	   first	   24	   hours	   usually	   recover	   with	   no	  apparent	   late	   effects	   (Kao,	   1993).	   In	   terms	   of	   toxicity,	   sulphocarbamoyl	  compounds	   are	   considered	   as	   the	   less	   toxic	  PSP	   compounds;	  nevertheless,	   these	  compounds	   can	   be	   converted	   into	   carbamates,	   which	   are	   the	   most	   toxic	   PSPs	  under	   acidic	   conditions	   (Hall	   et	   al.,	   1990).	   The	   levels	   of	   PSP	   toxins	   reported	   to	  cause	   intoxications	  vary	   considerably,	  possibly	  due	   to	   interindividual	  differences	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in	   sensitivity	   as	   well	   as	   the	   precision	   of	   the	   methods	   used	   for	   quantification.	  Prakash	  defines	  mild	  poisoning	   in	  adults	  at	  does	  of	  PSP	   toxins	  between	  304	  and	  4128	  µg	  per	  person,	  while	  severe	  poisonings	  are	  caused	  by	  doses	  between	  576	  and	  8272	  µg	   (Prakash	  et	   al.,	   1971).	  Other	   sources	   report	  mild	   symptoms	   from	  doses	  between	  144	  and	  1660	  µg	  saxitoxin	  equivalents	  per	  person,	  and	  fatal	  intoxications	  from	  doses	  between	  456	  and	  12.400	  µg	  saxitoxin	  equivalents	  (Acres	  et	  al.,	  1978).	  	  There	  is	  not	  specific	  antidote	  for	  PSP	  toxins.	  The	  clinical	  management	  of	  patients	  intoxicated	   with	   these	   toxins	   is	   entirely	   supportive;	   if	   vomiting	   does	   not	   occur	  spontaneously,	   induced	  emesis	  or	  gastric	   lavages	  are	  required.	  The	  toxins	  can	  be	  adsorbed	  effectively	  by	  activated	  charcoal.	  	  In	  moderately	   severe	   cases,	  maintenance	   of	   adequate	   ventilation	   is	   the	   primary	  concern.	   Periodic	   monitoring	   of	   blood	   pH	   and	   blood	   gases	   to	   ensure	   adequate	  oxygenation	   is	   important.	   Because	   of	   the	   toxin	   interference	   with	   respiratory	  functions,	  the	  acidosis	  cannot	  be	  compensed	  by	  the	  hyperventilation.	  Fluid	  therapy	  is	  essential	  to	  correct	  any	  possible	  acidosis	  and,	  additionally,	  the	  renal	  excretion	  of	  the	  toxin	  must	  be	  facilitated.	  	  There	   is	   no	   rational	   basis	   for	   the	   use	   of	   anticholinesterase	   agents	   to	   improve	  muscular	   performance,	   even	   if	   the	   practical	   effect	   appears	   beneficial,	   since	   this	  does	  not	  involve	  a	  reversal	  of	  the	  sodium	  channel	  blockage	  caused	  by	  these	  toxins.	  Similarly,	  there	  is	  no	  rational	  basis	  for	  any	  beneficial	  effects	  of	  vigorous	  exercise;	  this	  would	  only	  increase	  the	  production	  and	  accumulation	  of	  lactate,	  to	  add	  to	  the	  pathophysiological	   derangement.	   Since	   the	   half-­‐time	   of	   elimination	   of	   the	   PSP	  toxins	   from	   the	   body	   is	   around	   90	  minutes,	   as	  mentioned	   above,	   this	   should	   be	  adequate	   for	   a	   physiological	   reduction	   of	   the	   toxin	   concentration	   to	   harmless	  levels,	  except	  in	  those	  cases	  where	  the	  toxin	  concentration	  is	  very	  high	  or	  victims	  have	  damage	  to	  renal	  function.	  	  
1.1.4.	  Regulatory	  Levels	  	  Today,	   most	   countries	   apply	   a	   tolerance	   level	   for	   the	   PSP	   toxins	   at	   0.8	   mg	  saxitoxins	   equivalents/kg	   mussel	   meat	   (equivalent	   to	   400	   mouse	   units).	   If	   the	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consumption	  of	  mussels	  is	  estimated	  a	  100g,	  this	  indicates	  a	  safety	  factor	  of	  about	  2-­‐4	   for	   the	   risk	   of	   developing	  mild	   symptoms	   among	   the	  most	   susceptible,	   and,	  more	  importantly,	  a	  minimum	  safety	  factor	  of	  about	  6-­‐7	  for	  serious	  intoxication	  or	  death.	  	  
1.1.5.	  ANALYTICAL	  METHODS	  	  The	   common	   method	   used	   for	   the	   control	   of	   PSP	   toxins	   is	   the	   mouse	   bioassay	  (Association	  of	  Official	  Analytical	  Chemist,	  1990).	  This	  bioassay	  is	  still	  the	  official	  method	   in	  most	   countries.	   It	  measures	   the	   total	   toxicity	  of	   shellfish	   extracts	   and	  can	   monitor	   shellfish	   safety	   efficiently.	   This	   method	   poses	   some	   limitations	  regarding	   its	   selectivity,	   and	   sensitivity	   and	   variability	   of	   results,	   as	   well	   as	   the	  constant	  supply	  of	  mice	  and	  maintenance	  facilities	  not	  available	  in	  most	  analytical	  chemistry	  laboratories.	  	  High-­‐performance	  liquid	  chromatography	  (HPLC)	  is	  the	  method	  widely	  used	  as	  an	  alternative	   to	   this	   mouse	   bioassay	   for	   the	   detection	   and	   quantification	   of	   PSP	  toxins.	  	  Fluorescence	  detection	  has	  been	  has	  been	  selected	  as	  the	  more	  sensitive	  approach,	  and	  derivatization	  oxidation	  reactions	  are	  required	   for	  converting	  the	  PSP	  toxins	  into	  the	  corresponding	  fluorescent	  analogues.	  	  Post-­‐	   and	  Pre-­‐column	   techniques	  have	  been	  developed	   for	   this	   purpose,	   and	   the	  oxidation	  reaction	   is	  based	  on	  earlier	  work	  (Bates	  et	  al.,	  1975)	  where	  PSP	  toxins	  were	  oxidized	  with	  peroxide	  to	  yield	  fluorescent	  products	  and	  the	  total	  amount	  of	  fluorescence	  produced	  was	  used	  as	  an	  estimate	  of	  PSP	  concentration.	  It	  was	  found,	  however,	   that	   the	  N-­‐1	  hydroxy	  compounds	  are	  poorly	  oxidized	  with	  peroxide,	  so	  the	   use	   of	   this	   reagent	   can	   seriously	   underestimate	   the	   PSP	   concentration	   in	  unknown	  extracts.	  With	   the	  post-­‐column	  approach,	   individual	  PSP	  analogues	  are	  separated	   using	   gradient	   elution	   ion-­‐pair	   chromatography,	   the	   toxins	   being	  detected	   by	   fluorescence	   after	   conversion	   to	   purine	   derivatives	   with	   periodate.	  Periodate	   was	   found	   to	   produce	   fluorescence	   product	   with	   all	   PSP	   toxins.	   The	  advantage	   of	   using	   a	   chemical	   method	   is	   the	   ability	   to	   separate	   the	   different	  analogues	   and	   quantitate	   them	   individually.	   The	   post-­‐column	   method	   is	   much	  more	   suited	   to	  monitoring	   PSP	   contamination	   on	   an	   on-­‐going	   basis	   rather	   than	  being	  set	  up	  for	  determinations	  on	  an	  occasional	  basis.	  Oshima	  et	  al.	  (1989)	  have	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modified	  the	  post-­‐column	  method	  developed	  by	  Sullivan	  and	  Iwaoka	  (1983).	  The	  significant	   changes	  made	  were	   in	   the	   chromatography,	   using	   three	   isocratic	   ion-­‐pair	   mobile	   phases	   instead	   of	   a	   gradient	   elution,	   resulting	   in	   a	   separate	  determination	  of	  the	  three	  PSP	  groups	  of	  toxins,	  as	  well	  as	   in	  an	  improvement	  in	  the	   detection	   limits	   for	   individual	   toxins	   because	   of	   the	   higher	   efficiency	  separation.	  	  The	   pre-­‐chromatographic	   mode	   has	   emerged	   to	   overcome	   problems	   related	   to	  time	   and	   special	   equipment	   required	   for	   setting	   up	   the	   post-­‐column	   oxidation	  mode.	   With	   this	   approach,	   the	   oxidation	   reaction	   is	   carried	   out	   prior	   to	   the	  chromatographic	   separation;	   the	  oxidation	  products	  are	   then	  separated	  by	  HPLC	  and	  quantitated	  directly	  with	  no	  post-­‐column	  equipment.	  The	   reaction	   is	   simple,	  requiring	  only	  peroxide	  or	  periodate	  at	  weakly	  basic	  pH.	  	  	  The	  pre-­‐chromatographic	  oxidation	  method	  was	  study	  extensively	  and	  optimized	  further	   by	   Lawrence	   et	   al.	   (1995),	   who	   evaluated	   both	   peroxide	   and	   periodate	  under	   a	   variety	   of	   reaction	   conditions.	   Optimal	   conditions	   for	   the	   oxidation	  reaction	  have	  been	  evaluated	  in	  the	  last	  years	  (Gago-­‐Martinez	  et	  al.,	  2001).	  	  Although	  HPLC	  techniques	  are	  promising,	  capillary	  electrophoresis	  (CE)	  emerged	  as	   an	   analytical	   alternative	   for	   such	   toxins	   (Piñeiro	   et	   al.,	   1999).	   HPLC	   has	   also	  been	  used	  coupled	  with	  mass	  spectrometry	  (MS).	  FAB	  ionization	  MS	  has	  provided	  useful	  data	  on	  a	  variety	  of	  an	  individual	  PSP	  analogues.	  	  	  Electrospray	  MS	   coupled	   with	   CE	   has	   also	   been	   used	   fro	   analysis	   of	   PSP	   toxins	  (Locke	   et	   al.,	   1994;	   Gago-­‐Martinez	   et	   al.,	   1996).	   These	   techniques	   are	   not	  particularly	   suited	   for	   routine	   analysis,	   but	   nevertheless	   can	   offer	   useful	  information	  about	  the	  PSP	  toxins	  present	  in	  contaminated	  samples.	  	  	  Differences	  in	  toxicity	  between	  the	  sulphocarbamoyls	  and	  the	  other	  groups	  of	  PSP	  toxins	  present	  a	  problem,	  since	   they	  undergo	  hydrolysis	  under	  acidic	  conditions,	  being	  transformed	  into	  the	  more	  toxic	  carbamates	  (Hall	  et	  al.,	  1990).	  The	  degree	  of	  hydrolysis	  depends	  on	  the	  acidity.	  The	  acidity	  applied	  in	  the	  traditional	  extraction	  procedure,	  at	  about	  pH	  3,	  is	  insufficient	  for	  total	  hydrolysis.	  Consequently,	  analysis	  of	   PSP	   toxins	   extracted	   from	   seafood	  may	   underestimate	   the	   total	   toxicity	   if	   the	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sulphocarbamoyls	  present	   in	   the	   seafood	  are	   transformed	   to	   a	   greater	  degree	   in	  the	  human	  stomach,	  and	  if	  they	  constitute	  a	  significant	  amount.	  	  Several	  biochemical	  assays	  have	  also	  been	  developed.	  Among	  the	  most	  interesting	  are	  enzyme-­‐linked	  inmunosorbent	  assay	  (ELISA)	  methods.	  Use	  of	  ELISA	  method	  is	  hampered	  by	  the	  lack	  of	  sensitivity	  towards	  many	  of	  the	  toxins	  making	  up	  the	  PSP	  toxin	   complex;	   however,	   fast	   screening	  methods	   for	   PSP	   toxins	   that	   show	   good	  correlation	  with	   the	  mouse	   bioassay	   are	   being	   developed.	   Some	   other	   analytical	  methods	  such	  as	  the	  neuroblastoma	  assay	  have	  also	  been	  developed	  (Gallacher	  et	  al.,	  1992)	  and	  applied	  for	  the	  determination	  of	  PSP	  toxins	   in	  Portuguese	  samples	  (Alvito,	  2001).	  	  The	  main	  obstacle	  to	  the	  development	  of	  analytical	  methods	  is	  associated	  with	  the	  problem	  in	  obtaining	  standards	  and	  reference	  materials,	  although	  this	  situation	  is	  improving	  currently.	  
	  
	  
1.2.	  LIPOPHILIC	  SHELLFISH	  POISONING	  
	  Lipophilic	   marine	   toxins	   accumulate	   in	   seafood,	   causing	   remarkable	   economic	  losses	   in	   the	   aquaculture	   sector	   and	   posing	   a	   risk	   to	   human	   health.	   To	   protect	  consumers,	   the	   European	   Union	   demands	   the	   monitoring	   of	   some	   lipophilic	  marine	  toxins	  and	  limits	  their	  maximum	  permitted	  levels	  (MPLs)	  in	  edible	  shellfish	  tissues.	  The	  reference	  method	  to	  control	   lipophilic	   toxins	   in	  the	  European	  Union	  was	  the	  bioassay	   with	   mice	   or	   rats	   until	   January	   of	   2011.	   The	   European	   Food	   Safety	  Authority	   (EFSA)	   indicated	   in	  2009	   the	  disadvantages	  of	   these	  bioassays:	   ethical	  concerns,	   limited	   specificity,	   high	  variability	   in	   results,	   and	   insufficient	  detection	  capability	   for	  some	  toxins.	  According	  to	  the	  European	  Commission	  and	  the	  EFSA,	  the	   analytical	   methods	   based	   on	   liquid	   chromatography	   tandem	   mass	  spectrometry	  (LC–MS/MS)	  were	  a	  good	  alternative	  to	  replace	  the	  bioassays	  once	  the	   methods	   were	   validated	   and	   proved	   to	   be	   effective	   to	   protect	   consumers	  (EFSA,	  2009).	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Lipophilic	   toxins	   can	   be	   divided	   into	   four	   groups,	   OA	   and	   its	   analogues	   DTXs,	  azaspiracids	   (AZAs),	   pectenotoxins	   (PTXs)	   and	  yessotoxin	   (YTXs);	   these	   last	   two	  groups	   of	   toxins	   initially	  were	   included	   in	   Diarrhetic	   Shellfish	   Poinsoning	   (DSP)	  group	   despite	   having	   different	   toxicological	   effects.	   While	   PTXs	   are	   clearly	  hepatotoxic,	  YTXs	  show	  a	  cardiotoxic	  symptomatology.	  	  OA	   and	   analogues	   are	   now	   considered	   as	   the	   typical	   DSP	   toxins	   and	   are	  widely	  distributed	  (Fig.	  3).	  	  	  
	  Figure	  3:	  Okadaic	  Acid	  and	  analogue	  toxins	  	  DSP	   is	   an	   illness	   in	   humans	   that	   can	   occur	   as	   a	   result	   of	   consuming	   shellfish	  contaminated	  with	  toxic	  dinoflagellates.	  The	  first	  evidence	  of	  the	  presence	  of	  this	  new	   type	   of	   gastrointestinal	   illness	   associated	  with	   the	   consumption	   of	  mussels	  that	   had	   ingested	   dinoflagellates	  was	   reported	   in	   The	   Netherlands	   in	   the	   1960s	  (Kat,	   1979).	   Another	   toxic	   incident	   due	   to	   the	   consumption	   of	   scallops	   was	  reported	   in	   Japan	   in	   1976-­‐1977,	   when	   a	   large	   group	   of	   people	   suffered	   from	  gastrointestinal	   symptoms.	   The	   symptoms	   have	   now	   become	   typical	   in	   cases	   of	  intoxication	  due	   to	   the	   consumption	  of	   shellfish	   that	  have	  become	   contaminated	  with	  okadaic	  acid	  (OA)	  and	  related	  compounds	  (Yasumoto	  et	  al.,	  1978).	  Although	  it	  was	   believed	   that	   similar	   episodes	   occurred	   in	   Scandinavia	   during	   the	   1960s,	   it	  was	  not	  until	  1980s	  that	  an	  episode	  of	  DSP	  was	  confirmed	  (Kumagai	  et	  al.,	  1986).	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  Figure	  4:	  Dinophysis	  fortii	  	  The	  discovery	  of	  this	  type	  of	  shellfish	  poisoning	  is	  attributed	  to	  Yasumoto	  and	  his	  research	   team.	   These	   workers	   found	   a	   close	   correlation	   between	   the	  dinoflagellates	  Dinophysis	  fortii	  (Fig.	  4)	  and	  this	  contamination;	  consequently,	  the	  toxin	   was	   named	   dinophysistoxin	   (DTX)	   and,	   the	   syndrome	   was	   named	  “diarrhoetic	  shellfish	  poisoning”	  (Yasumoto	  et	  al.,	  1980).	  	  	  The	  azaspiracids	  were	  detected	  for	  the	  first	  time	  in	  a	  toxic	  incident	  occurred	  in	  The	  Netherlands	  where	   eight	  people	  became	   ill	   after	  having	   eaten	  mussels	   originally	  from	  Killary	  harbour.	   Symptoms	  were	   typical	   of	  DSP	   including	  nausea,	   vomiting,	  diarrhoea	  and	  abdominal	  cramps.	  	  Approximately	  20	  different	  analogues	  have	  been	  identified,	  of	  which	  AZA1,	  AZA2	  and	  AZA3	  are	  the	  most	  important	  ones	  based	  on	  occurrence	  and	  toxicity.	  AZAs	  can	  be	   found	   in	   various	   species	   of	   filter-­‐feeding	   bivalve	   molluscs	   such	   as	   oysters,	  mussels,	  scallops,	  and	  clams.	  High	  mouse	  toxicity	  was	  not	  proportional	  to	  the	  low	  level	  of	  OA	  and	  DTX-­‐2	  found	  in	  the	  same	  mussels.	  	  The	   structure	   of	   the	   original	   azaspiracid	   found	   in	   mussel	   taken	   from	   Killary	  harbour	  has	  been	  determined	  (Satake	  et	  al.,	  1998),	  and	  several	  isomers	  described.	  Toxicological	   studies	  of	  azaspiracids	  show	  that,	   in	  addition	   to	  causing	  damage	   to	  the	  small	  intestine,	  the	  toxin	  also	  causes	  damage	  in	  both	  liver	  and	  spleen	  (Ito	  et	  al.,	  2000).	   Both	   the	   target	   organs	   and	  mode	   of	   action	   of	   azaspiracids	   are	   distinctly	  different	  from	  those	  of	  DSP,	  PSP	  and	  ASP	  toxins.	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associated with animal bioassays and the progress and
difficulties in finding alternative methods.
2. The problems with bioassays
The animal bioassays for marine biotoxins, discussed in
a previous review [23], are widely considered to be
antiquated, cruel methods that involve injecting shellfish
extract into a mouse or rat and observing if the animal
lives or dies over a defined time frame as well as the
resulting symptoms. At least two animals, and often
three, are used per sample tested and are sacrificed at the
end of the test, irrespective of the toxicity outcome. The
major drawbacks of these assays are that there is
growing recognition that they are both unethical, due to
(ii) Azaspiracid (~20 analogues) [88,89]  
Azaspiracid-1 
(iii) Pectenotoxin (~13 analogues) [90] 
Pectenotoxin-2 
(iv) Yessotoxin (~36 analogues) [91] 
(b) DSP / Lipophilic toxins  
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  Figure	  5:	  Azaspiracid-­‐1	  structure	  	  	  PTXs	  are	  polyether	  lactones.	  PTX-­‐2	  is	  the	  only	  PTX	  found	  in	  phytoplankton,	  while	  a	  whole	   range	   of	   structurally	   closely	   similar	   compounds	   are	   found	   in	   shellfish,	  probably	  as	  a	  results	  of	  transformations.	  The	  PTXs	  have	  not	  been	  associated	  with	  the	  typical	  DSP	  symptoms	  in	  humans;	  however,	  they	  are	  acutely	  toxic	  for	  mice.	  The	  mechanism	  of	  toxicity	  of	  PTXs	  is	  not	  clear.	  According	  to	  Quilliam	  et	  al.	  (2000),	  PTX-­‐2	   seco	   acids	   may	   have	   contributed	   to	   gastrointestinal	   symptoms,	   vomiting	   or	  diarrhoea	  in	  humans,	  after	  consumption	  of	  a	  bivalve	  mollusc	  in	  New	  South	  Wales,	  Australia.	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  Figure	  6:	  Pectenotoxin-­‐2	  structure	  	  	  The	   YTXs	   are	   polyethers	   closely	   resembling	   to	   brevetoxins.	   In	   addition	   to	   YTX,	  several	  derivatives	  are	  identified	  (among	  other	  45-­‐OH-­‐YTX,	  homo-­‐YTX	  and	  45-­‐OH-­‐homo-­‐YTX;	  Satake	  et	  al.,	  1997).	  The	  target	  organ	  for	  YTX	  is	  the	  myocardium,	  while	  the	  small	  intestine	  is	  unaffected	  (Murata	  et	  al.,	  1987).	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  Figure	  7:	  Yessotoxin	  structure	  	  	  According	   to	   recent	   studies,	   the	   oral	   toxicity	   of	   YTX	   is	   at	   least	   one	   order	   of	  magnitude	   lower	   compared	   with	   its	   intraperitoneal	   (i.p.)	   toxicity	   (Aune	   et	   al.,	  2000,	  oral	  communication).	  In	  contrast	  to	  YTX,	  the	  desulphated	  derivative	  displays	  no	  toxicity	  in	  the	  hearth	  muscles,	  but	  it	  exerts	  toxicity	  in	  the	  liver	  and	  pancreas	  at	  300	   µg/kg	   upon	   i.p.	   injection.	   Mice	   treated	   orally	   with	   desulphated	   YTX	   at	   500	  
µg/kg	  body	  weight	  developed	  fatty	  degeneration	  of	  the	  liver.	  	  
1.2.1	  SOURCE	  ORGANISMS	  Dinoflagellates	  belonging	  to	  the	  genus	  Dinophysis	  were	  implicated	  in	  outbreaks	  of	  DSP	  toxicity.	  The	  confirmation	  of	  their	  toxigenicity	  has	  been	  difficult	  because	  of	  the	  difficulty	   in	   culturing	   these	   dinoflagellates.	   Prorocentrum	   lima	   has	   also	   been	  proved	  to	  be	  a	  producer	  of	  OA	  and	  related	  compounds	  (Lee	  et	  al.,	  1987).	  	  In	  outbreaks	  of	  DSP	  in	  Japan	  in	  1976	  and	  1977,	  DTX-­‐1	  was	  the	  major	  toxin	  present	  in	  mussels	  and	  the	  causative	  organism	  was	  Dinophysis	  fortii	  (Fig.	  4)	  DTX-­‐3	  was	  also	  found	  as	  the	  predominant	  toxin	  in	  scallops	  collected	  in	  1982;	  nevertheless,	  DTX-­‐3	  was	  not	  found	  in	  Dinophysis	  species,	  so	  the	  origin	  of	  DTX-­‐3	  was	  suggested	  to	  be	  in	  the	  acylation	  DTX-­‐1	  in	  the	  hepatopancreas	  of	  scallops	  (Murata	  et	  al.,	  1982).	  	  From	   outbreaks	   of	   DSP	   in	   France,	   Spain,	   Portugal,	   Italy	   and	   Sweden,	   it	   was	  reported	  that	  OA	  was	  the	  major	  toxin,	  D.	  acuminata	  and	  D.	  acuta	  being	  the	  species	  responsible	  for	  these	  toxins.	  DSP	  outbreaks	  in	  The	  Netherlands	  were	  mostly	  due	  to	  high	   concentration	   of	  Prorocentrum	   species.	   Important	   DSP	   outbreak	   in	  Norway	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and	  Sweden	  in	  1985	  and	  1986	  were	  attributed	  to	  the	  presence	  of	  D.	  acuta	  (Aune	  et	  al.,	  1993).	  	  	  
a)	   	  	  	  	  	  	  	  b)	   	  Figure	  8:	  a)	  Prorocentrum	  lima,	  b)	  Dinophysis	  acuminata	  	  While	  the	  dominant	  toxin	  in	  Europe	  is	  OA,	  DTX-­‐1	  was	  the	  major	  DSP	  toxin	  in	  Japan;	  this	  difference	   is	  attributed	   to	   the	  presence	  of	  different	  dinoflagellates	   in	  Europe	  and	   Japanese	  waters.	  However,	  DTX-­‐1	  was	   also	   the	  major	   toxin	   found	   in	   a	   toxic	  episode	   in	  Norway	   in	  1986	   in	  mussels	  harvested	   in	  Songdal.	   In	  contrast,	  OA	  was	  the	  main	  toxin	  responsible	  for	  DSP	  toxicity	  in	  another	  part	  of	  Norway;	  D.	  acuta	  and	  
D.	  norvegica	  were	  responsible	  for	  these	  toxins.	  	  	  	  
a)	  	   	  	  	  	  b)	  	   	  Figure	  9:	  a)	  Dinophysis	  acuta,	  b)	  Dinophysis	  norvegica	  	  	  Although	  OA	  was	  considered	  the	  main	  toxin	  responsible	  for	  DSP	  toxicity	  in	  Ireland,	  DTX-­‐2	  has	  been	  found	  together	  with	  OA	  during	  routine	  monitoring	  for	  DSP	  toxins	  (Hu	  et	   al.,	   1992).	  This	   toxin	  was	  also	   found	   to	  be	   responsible	   for	  DSP	   toxicity	   in	  Galician	  waters,	  being	  on	  occasions	  the	  predominant	  DSP	  toxins	  in	  mussels	  (Gago-­‐Martinez	  et	  al.,	  1996).	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  DSP	   outbreaks	   in	   America	   are	   associated	   with	   the	   presence	   of	   OA	   and	   DTX-­‐1,	  
Prorocentrum	   spp.	   being	   responsible	   of	   this	   toxin	   profile	   in	   Canada,	   while	  
Dinophysis	   species	   are	   responsible	   for	   DSP	   toxicity	   in	   the	   USA	   and	   Chile.	   The	  structures	  of	  some	  species	  capable	  of	  producing	  DSP	  toxins	  are	  shown	  in	  Fig.	  4,	  8	  and	  9.	  	  	  AZAs	  were	  first	  detected	  in	  mussels	  (Mytilus	  edulis)	  in	  Ireland	  in	  1995	  (McMahon	  et	   al.,	   1996).	  A	   research	   group	   from	  Germany	  has	   succeeded	   in	   isolating	   a	   small	  hitherto	  unknown	  dinoflagellate	  as	  the	  producer	  of	  AZAs.	  	  	  
	  Figure	  10:	  Mytilus	  edulis	  (Blue	  mussel)	  	  Since	  2001,	  continuous	  monitoring	  of	  AZAs	  in	  shellfish	  in	  Ireland	  has	  shown	  that	  mussels	   are	   the	  most	   affected	   species	   for	   this	   compound	  group.	  AZA1	  and	  AZA2	  have	  been	  shown	   to	  be	  produced	  by	  algae	   isolated	   from	  the	  North	  Sea.	  All	  other	  analogues	   are	   likely	   to	   be	   formed	   through	  metabolism	   in	   shellfish	   as	   they	   have	  been	  only	  identified	  at	  significant	  levels	  in	  shellfish	  (EFSA,	  2008).	  The	  amount	  of	  toxin-­‐producing	  algae	  cells	  can	  vary	  considerably	  over	  the	  year.	  	   	  The	   pectenotoxins	   have	   been	   detected	   in	   microalgae	   and	   bivalve	   molluscs	   in	  Australia,	   Japan	   and	   New	   Zealand	   in	   a	   number	   of	   European	   countries.	   Their	  presence	  in	  shellfish	  was	  discovered	  due	  to	  their	  high	  acute	  toxicity	  in	  the	  mouse	  bioassay	   after	   intraperitoneal	   (i.p.)	   injections	   of	   lipophilic	   extracts	   of	   shellfish.	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PTX-­‐group	  toxins	  are	  exclusively	  produced	  by	  Dinophysis	  species.	  In	  shellfish	  they	  are	  always	  accompanied	  by	  okadaic	  acid	  (OA)-­‐group	  toxins	  (FAO,	  2004).	  	  	  Yessotoxin	  (Fig.	  7)	  and	  its	  analogues	  are	  polycyclic	  ether	  compounds	  produced	  by	  the	   dinoflagellates	   Protoceratium	   reticulatum,	   Lingulodinium	   polyedrum	   and	  
Gonyaulax	   spinifera.	   They	   were	   initially	   classified	   as	   DSP	   (Diarrheic	   Shellfish	  Poisoning)	  toxins,	  being	  extracted	  from	  shellfish	  together	  with	  the	  main	  diarrheic	  toxins	   OA	   and	   its	   derivatives.	   Latter	   studies	   suggested	   that	   YTXs	   have	   to	   be	  classified,	   as	   a	   distinct	   group	   of	   toxins	   as	   they	   don’t	   induce	   diarrhoea	   and	   the	  mechanisms	   of	   action	   are	   different	   from	   those	   of	   OA	   and	   its	   derivatives,	   the	  inhibition	  of	  serine-­‐threonine	  protein	  phosphatases	  (EFSA,	  2008).	  	  
a)	   	  	  	  	  b)	   	  Figure	  11:	  a)	  Lingulodinium	  polyedrum,	  b)	  Protoceratum	  reticulatum	  
	  
	  
1.2.2.	  CHEMISTRY	  The	   lipophilic	   toxins,	  as	  mentioned	  above,	  are	  considered	  as	   four	  main	  groups	  of	  toxins:	  OA	  and	  derivatives	  (DTXs),	  AZAs,	  PTXs	  and	  YTXs.	  Among	  all	   these	   toxins,	  OA	   and	   DTXs	   are	   most	   commonly	   distributed	   worldwide.	   The	   group	   of	   OA	   and	  DTXs	  initially	  was	  composed	  of	  OA	  and	  DTX-­‐1.	  A	  new	  dinophysistoxin	  DTX-­‐2	  was	  isolated	  in	  Ireland	  (Hu	  et	  al.,	  1992)	  and	  this	  toxin	  was	  later	  found	  in	  dinoflagellates	  and	  mussels	   from	   the	   Galician	   Rias	   (north-­‐west	   of	   Spain)	   (Gago-­‐Martinez	   et	   al.,	  1996).	  	  The	  chemical	  structures	  of	  these	  compounds	  are	  shown	  in	  Fig.	  3,	  5,	  6	  and	  7.	  More	  DTXs	  have	  been	  discovered	  recently	  and	  included	  in	  the	  DSP	  group,	  such	  a	  DTX-­‐3,	  where	   saturated	   or	   unsaturated	   fatty	   acyl	   groups	   are	   attached	   (Yasumoto	   et	   al.,	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1985).	   These	   compounds	   also	   possess	   toxic	   activity,	   but	   were	   only	   found	   in	  shellfish	   tissues,	   suggesting	   a	   probable	  metabolic	   origin.	   Recently,	   OA	   analogues	  have	  been	   identified	   in	   shellfish	   (DTX-­‐2B	  and	  DTX-­‐2C).	  The	   first	   evidence	  of	   the	  existence	  of	  diol	  esters	  of	  OA	  came	  from	  the	   isolation	  of	  a	  mixture	  of	  such	  esters	  from	  P.	  lima	  (Yasumoto	  et	  al.,	  1989).	  Subsequently,	  esters	  of	  AO	  such	  as	  OA-­‐	  DE1	  have	  also	  been	  isolated	  from	  many	  types	  of	  Prorocentrum	  species	  such	  as	  P.	  lima	  and	  P.	  maculosum	   (Hu	  et	  al.,	  1992).	  These	  diol	  esters	  were	  also	   found	   in	  Spanish	  strains	  of	  P.	  lima	  (Norte	  et	  al.,	  1994).	  	  	  A	  water-­‐soluble	   toxin	   that	   has	   been	   named	  DTX-­‐4	   has	   been	   discovered	   recently	  (Hu	   et	   al.,	   1995).	   This	   new	   toxin	  was	  discovered	   after	   observing	   that	   the	  mouse	  toxicity	  was	  not	  representative	  of	  the	  concentrations	  of	  known	  DSP	  toxins	  present.	  Other	  sulphated	  OA	  esters	  were	   isolated	   from	  P.	  maculosum,	  namely	  DTX-­‐5a	  and	  DTX-­‐5b,	  which	  were	  found	  to	  hydrolyse	  rapidly	  to	  OA	  by	  the	  action	  of	  esterases.	  	  Are	   lipid-­‐soluble	   long-­‐chain	   compounds	   containing	   cyclic	   polyethers	   rings?	  They	  are	   soluble	   in	   acetone,	   chloroform,	  methylene	   chloride,	  methanol	   and	   dimethyl-­‐sulphoxide	  (DMSO).	  	  	  Azaspiracids	  are	  nitrogen-­‐containing	  polyether	   toxins	  comprising	  a	  unique	  spiral	  ring	   assembly	   containing	   a	   heterocyclic	   amine	   (piperidine)	   and	   an	   aliphatic	  carboxylic	  acid	  moiety	  (EFSA,	  2008).	  Among	  all	  analogues,	  AZA3	  appears	  to	  be	  the	  most	  easily	  degraded	  analogue,	  which	  may	  be	  the	  reason	  why	  it	  occurs	  naturally	  at	  lower	   than	   AZA1	   and	   AZA2	   in	   mussels.	   Although	   studies	   with	   AZA	   in	   acidic	  methanolic	  solutions	  have	  shown	  that	  AZA1	  and	  AZA2	  are	  unstable	  above	  70°C,	  in	  shellfish	   tissues	   a	   study	   on	   the	   heat	   stability	   of	   AZAs	   (McCarron,	   2007)	   showed	  that	  temperatures	  above	  100	  °C	  are	  required	  to	  decompose	  or	  rearrange	  AZAs.	  	  	  PTX-­‐group	   toxins	   are	   heat-­‐stable	   polyether	  macrolide	   compounds,	   isolated	   from	  various	   species	   of	   shellfish	   and	   from	   dinoflagellates	   of	   the	   genus	  Dinophysis.	  To	  date,	   15	   PTX	   analogues	   have	   been	   isolated	   and	   characterised	   (Fig.	   12).	   Their	  common	  structural	   features	   include	  a	  spiroketal	  group,	   three	  oxolanes,	  a	  bicyclic	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ketal	   and	   a	   six-­‐membered	   cyclic	   hemiketal.	   PTX2	   (produced	   worldwide	   by	  
Dinophysis	   spp.)	   is	   suspected	   to	   be	   the	   main	   precursor,	   from	   which	   many	   PTX-­‐group	  toxins	  are	  derived	  through	  biotransformation	  during	  metabolism	  in	  the	  gut	  of	  bivalves.	  
	  Figure	  12:	  Pectenotoxin	  analogues	  structure	  (Fernández,	  M.L.	  et	  al.,	  2006)	  	  PTX-­‐group	  toxins	  are	  easily	  destroyed	  under	  strong	  basic	  conditions	  such	  as	  those	  used	   for	   the	   hydrolysis	   of	   acyl	   esters	   of	   the	   OA-­‐group	   toxins	   (Yasumoto	   et	   al.,	  2005).	  PTX-­‐group	  toxins	  are	  also	   labile	  under	  acidic	  conditions;	  which	  transform	  them	  into	  the	  seco	  acid	  forms.	  In	  shellfish	  PTX2	  SA	  and	  7-­‐epi-­‐PTX2	  SA	  can	  be	  metabolised	  to	  form	  corresponding	  fatty	  acid	  esters.	  Liquid	  chromatography-­‐mass	  spectrometry	  (LC-­‐MS)	  analysis	  has	  indicated	   that	   in	   some	  extracts	   these	   fatty	   acid	   esters	  may	  be	  present	   at	  20	   fold	  higher	   concentrations	   than	   the	   seco	   acids.	   To	   quantitate	   these	   acyl	   esters	  enzymatic	  hydrolysis	  may	  be	  used	  to	  transform	  them	  to	  their	  corresponding	  seco	  acids.	  	  	  YTXs	   are	   polyether	   compounds,	   consisting	   of	   11	   contiguously	   transfused	   ether	  rings,	  an	  unsaturated	  side	  chain,	  and	  two	  sulphate	  esters.	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  Figure	  13:	  Yessotoxin	  analogues	  structure	  	  Actually	  it	  is	  known	  that	  exist	  more	  than	  90	  analogues	  of	  YTX.	  Although	  there	  are	  many	   different	   YTX	   analogues,	   they	   seem	   not	   to	   be	   affected	   by	   heat,	   since	  concentration	   procedures	   that	   use	   heat	   do	   not	   show	   a	   decrease	   in	   the	   amount.	  Therefore,	  the	  group	  seems	  to	  be	  heat	  stable	  EFSA,	  2008).	  	  	  
1.2.3.	  TOXICOLOGY	  The	  toxic	  effects	  exerted	  by	  the	  OA	  derivatives	  have	  been	  well	  documented	  since	  the	   first	   clinical	   reports	   in	   Japan	   in	   1978,	   when	   42	   people	   experienced	   severe	  vomiting	   and	   diarrhoea.	   From	   the	   results	   obtained	  with	   the	  mousse	   bioassay,	   a	  correlation	  between	  toxicity	  of	  these	  toxins	  in	  humans	  and	  physical	  effects	  in	  mice	  was	   obtained.	   The	   amount	   of	   toxin	   required	   to	   produce	   illness	   in	   humans	   was	  defined	   by	   mouse	   units:	   1	   mouse	   unit	   (MU)	   is	   defined	   as	   the	   amount	   of	   toxin	  required	   to	   cause	   death	   to	   a	   20g	  mouse	   over	   a	   specific	   time	   period	   (48	   h).	   The	  amount	  of	  toxin	  needed	  to	  cause	  mild	  poisoning	  in	  an	  adult	  was	  determined	  to	  be	  12	  MU.	  In	  later	  years,	  more	  information	  about	  the	  toxic	  effects	  has	  been	  reported	  from	  a	  variety	  of	  research	  teams.	  From	  these	  studies,	   it	  was	  concluded	  that	  DSPs	  also	  present	  chronic	  effects;	  these	  toxins	  have	  been	  shown	  to	  possess	  the	  ability	  to	  induce	   tumour	   promotion	   (Fujiki	   et	   al.,	   1999).	   These	   toxins	   have	   also	   been	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reported	   to	   strongly	   inhibit	   protein	   phosphatases,	   thereby	   disrupting	   normal	  eukaryotic	  cell	   functions.	  Concerning	  the	  mechanism	  of	  action,	  OA	  and	  DTX-­‐1	  are	  potent	   inhibitor	   of	   protein	   phosphatase	   1	   and	   2A	   (PP1	   and	   PP2A,	   respectively).	  PP2A	  is	  about	  50-­‐100	  times	  more	  strongly	  inhibited	  than	  PP1	  by	  OA/DTX-­‐1	  (Fujiki	  et	  al.,	  1993).	  There	  are	  also	  some	  reports	  on	  mutagenic	  and	  genotoxic	  effects	  of	  OA	  and	  DTX-­‐1.	  According	  to	  Aonuma	  et	  al.	  (1991),	  the	  mutagenic	  effects	  were	  due	  to	  inhibition	   of	   protein	   phosphatases	   involved	   in	  DNA	   repair,	   and	  not	   formation	   of	  DNA	  adducts.	  	  The	   health	   hazard	   associated	   exposure	   to	   toxins	   from	   the	   lipophilic	   shellfish	  poisoning	   is	   related	   to	   the	   toxic	   effects	   of	   the	   individual	   compounds.	   Experience	  from	  whole	  range	  of	  lipophilic	  toxins	  episodes	  indicates	  that	  the	  patients	  recover	  after	  a	  few	  days.	  	  Since	   the	   effects	   in	   question	   are	   diarrhoea,	   vomiting,	   headache	   and	   general	  discomfort,	   but	   no	   serious	   and	   irreversible	   adverse	   health	   effects,	   a	   lower	  uncertainty	  factor	  may	  be	  tolerated,	  compared	  with	  toxins	  producing	  more	  severe	  effects.	  However,	   human	  health	   associated	  with	   the	   chronic	   toxicity	   of	   lipophilic	  toxins	  as	  tumour	  promoters	  and	  mutagenic	  compounds	  cannot	  be	  estimated	  yet.	  	  	  The	   symptoms	   of	   AZA	   poisoning	   (AZP)	   are	   nausea,	   vomiting,	   diarrhoea	   and	  stomach	  cramps.	  Five	  incidents	  of	  AZP	  have	  been	  reported,	  from	  the	  Netherlands,	  Ireland,	  Italy,	  France	  and	  the	  UK	  (EFSA,	  2008).	  	  The	  data	  on	  the	  chronic	  effects	  of	  AZAs	  in	  animals	  or	  humans	  were	  insufficient	  for	  a	   tolerable	   daily	   intake	   (TDI)	   to	   be	   established.	   In	   view	   of	   the	   acute	   toxicity	   of	  AZAs,	   the	   CONTAM	   Panel	   decided	   to	   establish	   an	   acute	   reference	   dose	   (ARfD)	  based	   on	   the	   available	   human	   data.	   There	   were	   only	   data	   available	   from	   one	  incident	  of	  human	  poisoning	  involving	  AZAs	  that	  could	  be	  used	  for	  the	  derivation	  of	  an	  ARfD	  (EFSA,	  2008).	  	  	  The	  presence	  of	  PTXs	  in	  shellfish	  was	  discovered	  due	  to	  their	  acute	  toxicity	  in	  the	  mouse	   bioassay	   after	   intraperitoneal	   (i.p.)	   injections	   of	   lipophilic	   extracts	   of	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shellfish.	  The	  toxicological	  database	  for	  PTX-­‐group	  toxins	  is	  limited	  and	  comprises	  mostly	   studies	   on	   their	   acute	   toxicity	   in	  mice.	   There	   are	   no	   reports	   on	   adverse	  effects	  in	  humans	  associated	  with	  PTX-­‐group	  toxins.	  	  In	   view	   of	   the	   acute	   toxicity	   of	   PTX-­‐group	   toxins,	   and	   due	   to	   the	   lack	   of	  observations	   in	   humans,	   the	   CONTAM	   Panel	   decided	   to	   establish	   an	   acute	  reference	  dose	  (ARfD)	  based	  on	  the	  available	  animal	  data	  on	  acute	  toxicity.	  	  	  The	   toxicological	   potential	   of	   YTXs	   after	   oral	   exposure	   is	   still	   unclear	   and	   no	  human	   poisonings	   due	   to	   these	   compounds	   have	   been	   reported	   so	   far.	   On	   the	  other	  hand,	  studies	  after	  acute	  or	  short	  term	  repeated	  oral	  administration	  of	  these	  toxins	   in	   mice	   revealed	   ultrastructural	   modifications	   in	   some	   cardiomyocytes,	  observable	   by	   electron	   microscopy	   and,	   in	   one	   study,	   also	   by	   light	   microscopy	  (Aune	  et	  al.,	  2002;	  Tubaro	  et	  al.,	  2003;	  2004).	  	  	  
1.2.4.	  Regulatory	  Levels	  Today	  the	  European	  Union	  applies	  a	   tolerance	   level	  of	  0-­‐16	  µg	  OA	  equivalents/kg	  
mussel	  meat.	  Depending	  upon	   the	   amount	  of	   shellfish	   consumed,	   this	   indicates	   a	  minimum	  safety	  factor	  of	  ≥	  2	  before	  symptoms	  appear	  (Aune	  et	  al.,	  1993).	  	  The	  current	  European	  Union	  (EU)	  regulatory	  limit	  for	  lipophilic	  toxins	  is	  160	  μg	  OA	  
equivalents/kg	  shellfish	  meat	  (EFSA	  2009).	  Depending	  on	  the	  amount	  of	  toxin	  ingested,	  the	  intensity	  of	  the	  symptoms	  can	  be	  different.	   Patients	   intoxicated	   with	   this	   group	   of	   toxins	   are	   not	   usually	  hospitalized.	  Intravenous	  injection	  of	  an	  electrolyte	  mixture	  can	  be	  used	  for	  a	  fast	  recovery	  and	  the	  symptoms	  will	  disappear	  in	  a	  few	  days.	  	  	  	  The	  mouse	  and	  the	  rat	  bioassay	  are	  the	  officially	  prescribed	  reference	  methods	  in	  the	   EU	   for	   the	   detection	   of	   AZAs.	   The	   CONTAM	   Panel	   noted	   that	   both	  methods	  have	  shortcomings	  e.g.	  they	  are	  not	  specific	  and	  not	  quantitative,	  and	  that	  method	  performance	   characteristics	   for	   AZAs	   have	   not	   been	   established	   for	   the	  mammalian	   assays.	   Based	   on	   limited	   data	   on	   acute	   i.p.	   toxicity	   in	  mice,	   it	   is	   not	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clear	   whether	   the	   mouse	   bioassay	   (MBA)	   can	   detect	   levels	   at	   the	   current	   EU	  regulatory	  level.	  The	   CONTAM	   Panel	   concluded	   that	   the	   most	   probable	   estimate	   of	   a	   lowest-­‐observed-­‐adverse-­‐effect-­‐level	   (LOAEL)	   resulting	   in	   AZA	   poisoning	   was	   113	   μg	  AZA1	  equivalents	  per	  person	  (1.9	  μg	  AZA1	  equivalents/kg	  body	  weight	  (b.w.)	  for	  a	  60	  kg	  adult).	  Uncertainty	  factors	  were	  required	  to	  extrapolate	  from	  the	  LOAEL	  to	  a	  no-­‐observed-­‐	   adverse-­‐effect	   level	   (NOAEL),	   and	   for	   variability	  within	   the	   human	  population.	  The	  effects	  considered	  were	  mild	  and	  reversible.	  Currently	  none	  of	  the	  methods	  for	  the	  determination	  of	  toxins	  from	  the	  AZA	  group	  have	   been	   validated	   by	   interlaboratory	   studies.	   The	   evidence	   available	   at	   this	  moment	   suggests	   that	   LC-­‐MS/MS	   based	   methods	   have	   the	   greatest	   potential	   to	  replace	   the	   mammalian	   assays.	   Moreover,	   they	   are	   able	   to	   detect	   AZAs	   at	  concentrations	   well	   below	   the	   current	   regulatory	   limit	   of	   160	   μg	   AZA1	  
equivalents/kg	  shellfish	  meat	  (EFSA,	  2008).	  	  	  PTX-­‐group	   toxins	   in	   shellfish	   are	   always	   accompanied	   by	   toxins	   from	   the	   OA-­‐group.	  This	  appears	  to	  be	  the	  basis	   for	  grouping	  PTX-­‐group	  toxins	  and	  OA-­‐group	  toxins	   in	   the	   European	   regulation.	   The	   Scientific	   Panel	   on	   Contaminants	   in	   the	  Food	   Chain	   (CONTAM	   Panel)	   concluded	   that	   because	   PTX-­‐group	   toxins	   do	   not	  share	   the	   same	   mechanism	   of	   action	   as	   OA-­‐group	   toxins	   they	   should	   not	   be	  included	  in	  the	  regulatory	  limit	  for	  OA-­‐group	  toxins.	  	  The	  mouse	  bioassay	  (MBA)	  and	  the	  rat	  bioassay	  (RBA)	  are	  the	  officially	  prescribed	  reference	  methods	   in	  the	  EU	  for	   the	  determination	  of	   lipophylic	   toxins,	   including	  PTX-­‐group	   toxins,	   but	   the	   current	   EU	   legislation	   permits	   the	   replacement	   of	   the	  MBA,	  provided	   that	   the	  alternative	  methods	  have	  been	  validated	  according	   to	  an	  internationally	   recognised	   protocol.	   The	   evidence	   available	   at	   this	   moment	  suggests	   that	   the	   methods	   based	   on	   liquid	   chromatography-­‐	   tandem	   mass	  spectrometry	  (LC-­‐MS/MS)	  have	  the	  greatest	  potential	  to	  replace	  the	  MBA.	  Although	   the	   oral	   toxicity	   is	   not	   well	   defined,	   the	   CONTAM	   Panel	   considered	   it	  appropriate	  to	  establish	  an	  ARfD	  on	  the	  basis	  of	  a	  lowest-­‐observed-­‐adverse-­‐effect-­‐level	   (LOAEL)	   of	   250	   μg/kg	   body	   weight	   (b.w.)	   for	   intestinal	   toxicity	   of	   PTX2	  observed	   in	   mice.	   The	   effects	   were	   mild	   and	   reversible.	   The	   CONTAM	   Panel	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established	  an	  ARfD	  of	  0.8	  μg	  PTX2	  equivalents/kg	  b.w.,	  based	  on	  a	  LOAEL	  of	  250	  μg/kg	  b.w.	  	  The	  CONTAM	  Panel	  concluded	  that,	   in	  order	  for	  a	  60	  kg	  adult	  to	  avoid	  exceeding	  the	  ARfD	  of	  0.8	  μg	  PTX2	  equivalents/kg	  b.w.,	  a	  400	  g	  portion	  of	  shellfish	  should	  not	  contain	   more	   than	   48	   μg	   PTX2	   equivalents	   corresponding	   to	   120	   μg	   PTX2	  
equivalents/kg	  shellfish	  meat	  (EFSA,	  2009).	  	  	  The	  CONTAM	  Panel	  concluded	  that	  for	  the	  YTXs,	  in	  order	  for	  a	  60	  kg	  adult	  to	  avoid	  exceeding	  a	  dose	  of	  1500	  μg	  YTX	  equivalents,	  corresponding	  to	  the	  ARfD	  of	  25	  μg	  YTX	  equivalents/kg	  b.w.,	  a	  400	  g	  portion	  of	  shellfish	  should	  not	  contain	  more	  than	  3.75	  mg	  YTX	  eq./kg	  shellfish	  meat.	  This	  level	  is	  above	  the	  current	  EU	  limit	  value	  of	  YTXs	  of	  1	  mg/kg	  shellfish	  flesh.	  Actually,	  none	  of	  the	  methods	  to	  determine	  YTXs	  have	  been	  formally	  validated	  in	  collaborative	   studies	   according	   to	   the	   harmonised	   protocol	   of	   ISO/IUPAC/AOAC	  EFSA,	  2008).	  	  	  
1.2.5.	  ANALYTICAL	  METHODS	  The	   most	   commonly	   used	   method	   for	   the	   detection	   of	   lipophilic	   toxins	   is	   the	  mouse	   bioassay	   (MBA)(Yasumoto	   et	   al.,	   1978).	   This	   method	   has	   many	  disadvantages;	   one	   of	   the	   major	   objections	   is	   the	   use	   of	   animals	   for	   research	  purpose.	  	  A	   lack	  of	   selectivity	   is	  also	  observed	  since	  other	   toxins	  or	   fatty	  acids	  presents	   in	  mussels	   or	   seafood	   can	   come	   into	   the	   lipid	   fraction	   causing	   interference,	   which	  may	  make	  difficult	   the	   identification	  of	   the	   studied	   toxins	  or	   cause	   false-­‐positive	  results.	  	  The	   mouse	   bioassay	   cannot	   discern	   reliably	   between	   different	   types	   toxins	   but	  provides	  information	  on	  the	  overall	  toxicity	  present	  in	  samples.	  The	  mouse	  bioassay	  (MBA)	  and	  the	  rat	  bioassay	  (RBA)	  are	  the	  officially	  prescribed	  reference	   methods	   in	   the	   EU	   for	   the	   determination	   of	   lipophylic	   toxins.	   The	  CONTAM	   Panel	   noted	   that	   the	   MBA	   has	   shortcomings	   e.g.	   it	   has	   an	   inherent	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variability,	  is	  not	  quantitative,	  has	  an	  insufficient	  detection	  capability	  and	  may	  give	  both	  false	  negative	  and	  false	  positive	  results.	  	  The	   RBA	   detects	   compounds	   with	   diarrhoetic	   effects	   such	   as	   OA-­‐group	   toxins.	  PTX-­‐group	   toxins	   for	   example,	   do	   not	   have	   diarrhoetic	   properties;	   therefore	   the	  CONTAM	  Panel	  concluded	  that	  the	  RBA	  is	  not	  suitable	  to	  detect	  PTX-­‐group	  toxins.	  	  Cytotoxicity	   assays	   were	   developed	   after	   discovering	   that	   DSP	   toxins	   were	  responsible	  for	  morphological	  changes	  in	  some	  cells.	  These	  are	  sensitive,	  rapid	  and	  more	  ethically	  satisfactory	  than	  animal	  assays.	  	  Effective	   use	   was	   made	   of	   the	   fact	   that	   OA	   and	   PTX	   toxins	   inhibit	   protein	  phosphatases.	   Assay	   based	   on	   the	   inhibitory	   power	   of	   DSP	   toxins	   have	   been	  developed	  and	  provide	  sensitive	  detection	  of	  DSP	  toxins;	  however,	  the	  response	  is	  non-­‐specific	   and,	   like	   the	  mouse	   bioassay,	   gives	   information	   regarding	   the	   total	  toxicity.	  	  Immunoassays	   can	   also	   be	   used	   to	   detect	   OA	   and	   some	   of	   its	   analogues;	   these	  assay	  show	  poor	  reactivity,	  especially	  for	  DTX-­‐3.	  	  Physico-­‐chemical	  approaches	  have	  been	  developed	  for	  a	  sensitive	  determination	  of	  lipophilic	  toxins.	  Methods	  based	  on	  HPLC	  are	  the	  most	  widely	  used,	  coupled	  with	  various	  detection	  modes.	  	  Fluorescence	   detection	   (FLD)	   provides	   a	   highly	   sensitive	   response,	   and	   this	  alternative	  has	  been	  widely	  used	  as	  a	  routine	  monitoring	  tool.	  	  Different	  derivatization	  reagents	  have	  been	  used	  for	  converting	  the	  OA	  analogues	  into	  the	  correspondent	  fluorescent	  derivatives	  by	  mean	  of	  the	  derivatization	  of	  the	  carboxylic	  acid	  moiety	  of	  the	  compounds	  to	  form	  highly	  fluorescent	  esters,	  which	  are	  then	  separated	  by	  reverse-­‐phase	  chromatography.	  	  The	   method,	   which	   has	   received	   most	   attention	   up	   to	   the	   present,	   is	   that	  developed	  by	  Lee	  et	  al.	  (1987).	  This	  method	   uses	   9-­‐anthryldiazomethane	   (ADAM)	   as	   a	   derivatization	   reagent.	   A	  number	  of	  modifications	  of	  the	  method	  of	  Lee	  et	  al.	  have	  been	  reported,	  especially	  focused	  on	  clean-­‐up	  improvements.	  Since	  the	  ADAM	  reagent	  is	  relatively	  expensive	  and	  of	  limit	  stability,	  a	  method	  for	  synthesizing	  it	  immediately	  before	  use	  has	  been	  described	  (Quilliam	  et	  al.,	  1998).	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Other	   reagents,	   such	   as	   coumarin,	   luminarine-­‐3,9-­‐chloromethylanthracene,	   etc.,	  have	  also	  been	  evaluated	  for	  OA	  and	  DTX-­‐1.	  	  
Protein	  Phosphatase-­‐2A	  Inhibition	  Assay	  Reversible	  protein	  phosphorylation	  mediated	  by	  protein	  kinases	  and	  phosphatases	  is	   an	   essential	   regulatory	   mechanism	   in	   many	   cellular	   events,	   including	  proliferation	   and	   differentiation.	   Protein	   phosphatases	   are	   classified	   into	   two	  groups:	   serine/threonine	   phosphatases	   and	   tyrosine	   phosphatases.	   Protein	  phosphatases	   2A	   (PP2A)	   is	   one	   of	   the	   four	   major	   classes	   of	   eukaryotic	  serine/threonine	  phosphoprotein	  phosphatases	  (Wera	  et	  al.,	  1995).	  PP2A	  is	  inhibited	  by	  several	  natural	  toxins	  and	  antibiotics,	  including	  okadaic	  acid,	  suggesting	  that	  PP2A	  could	  be	  a	  valuable	  tool	  for	  detecting	  or	  assaying	  this	  group	  of	  toxins	  (Ikehara	  et	  a.,	  2008).	  Okadaic	   acid	   and	   its	   analogues	   are	   capable	   to	   cause	   diarrhoea	   producing	   an	  indirect	   increase	  of	  phosphorylated	  proteins	   in	  cells,	   through	   inhibition	  of	  serine	  threonine	  protein	  phosphatases	  1	  and	  2A.	  	  The	   diarrhoea	   and	   the	   degenerative	   changes	   in	   absorptive	   epithelium	   of	   small	  intestine	   induced	   by	   these	   toxins	   has	   been	   attributed	   to	   an	   increased	   level	   of	  phosphorylated	  proteins	  controlling	  electrolytes	  secretion	  in	  intestinal	  cells	  and	  of	  cytoskeletal	   and/or	   functional	   components	   involved	   in	   the	   regulation	   of	   the	  permeability	   to	   solutes.	   Both	   these	   phenomena	   result	   in	   a	   passive	   loss	   of	   fluids	  (Aune,	  T.	  et	  al.;	  1993).	  	  PP2A	   inhibition	   assay	   is	   a	   rapid	   functional	   method	   (Tubaro	   et	   al.,	   1996;	   Della	  Loggia	   et	   al.,	   1999).	   It	   is	   based	   on	   the	   ability	   of	   PP2A	   to	   hydrolyse,	   in	   alkaline	  medium,	   the	  colourless	   substrate	  p-­‐nitrophenyl	  phosphate	   (p-­‐NPP)	   to	   the	  yellow	  product	   (p-­‐nitrophenol).	   This	   reaction	   can	   be	  monitored	   photometrically	   and	   its	  inhibition	   by	   OA	   and	   its	   analogue	   dinophysistoxin-­‐1	   (DTX-­‐1)	   allows	   the	  quantification	  of	  these	  toxins.	  As	   it	  was	  explained	  below	  as	  one	  of	   the	  objectives	  of	   this	   study	  belonging	   to	   the	  total	   work	   the	   quantification	   calculated	   after	   the	   analysis	   of	   the	   naturally	  contaminated	  mussels	  by	  the	  protocol	  developed	  in	  our	  laboratory	  in	  Trieste,	  was	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compared	  with	  those	  obtained	  after	  the	  analysis	  of	  the	  same	  samples	  but	  by	  a	  pre-­‐released	  Japanese	  kit	  protocol	  from	  Tropical	  Technology	  Centre	  Ltd.,	  Okinawa.	  This	   PP2A	   kit	   follows	   basically	   the	   same	   principle	   than	   the	   own	   PP2A	   protocol	  developed	   in	   Trieste,	   with	   the	   unique	   difference	   of	   the	   enzyme	   used	   in	   the	  experiment.	  	  	  In	   the	   case	   of	   the	   local	   PP2A	   assay,	   the	   enzyme	  was	   extracted	   from	   rabbit	   after	  inoculation	  and	  the	  consequent	  immunization,	  while	  the	  enzyme	  proposed	  by	  the	  Japanese	  kit	  was	  a	  recombinant	  enzyme.	  	  The	  experiments	  to	  analyse	  the	  mussel	  samples	  by	  the	  assay	  proposed	  by	  Tropical	  Technology	  Centre	  Ltd.	  were	  carried	  out	  following	  the	  suggestions	  of	  the	  producer.	  The	  principal	  of	  the	  tests	  are	  the	  same.	  	  	  	  The	  MBA	  and	  RBA	  are	  the	  officially	  prescribed	  reference	  method	  in	  the	  EU	  for	  the	  detection	   of	   lipophilic	   toxins.	   The	   CONTAM	   Panel	   noted	   that	   the	   method	   has	  shortcomings,	  e.g.	   it	   is	  not	  specific,	  not	  quantitative	  and	  has	  a	  high	  uncertainty	  at	  the	  level	  of	  the	  current	  regulatory	  limit.	  The	  current	  EU	  legislation	  permits	  the	  replacement	  of	  the	  MBA	  and	  RBA,	  provided	  that	   the	  alternative	  methods	  have	  been	  validated	  according	   to	  an	   internationally	  recognised	  protocol.	  	  The	  only	   reports	   to	  date	   in	   the	  direct	  determination	  of	  OA	  and	  DTXs	   in	   shellfish	  have	   involved	   HPLC	   combined	   with	   ion-­‐spray	   MS	   (Quilliam,	   1998).	   With	   this	  approach,	  extracts	  of	  shellfish	  can	  be	  analysed	  directly	  without	  derivatization	  and	  clean	   up,	   resulting	   in	   a	   fast	   and	   sensitive	   technique	   for	   the	   determination	   and	  confirmation	  of	  lipophilic	  toxins	  present	  in	  contaminated	  samples.	  	  The	   evidence	   available	   at	   this	   moment	   suggests	   that	   LC-­‐MS/MS	   based	   methods	  have	  the	  greatest	  potential	  to	  replace	  the	  MBA.	  The	  LC-­‐MS/MS	  based	  methods	  also	  have	  the	  possibility	  for	  multi-­‐toxin	  group	  detection/quantification.	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1.3.	  AMNESIC	  SHELLFISH	  POISONING	  	  A	   new	   type	   of	   shellfish	   intoxication	   named	   ASP	   was	   first	   discovered	   in	   Prince	  Edward	   Island,	   Canada,	   in	   1987,	   after	   a	   serious	   outbreak	   of	   shellfish	   poisoning	  (Quilliam	  et	  al.,	  1989c).	  	  The	  ASP	  toxin	  Domoic	  Acid	  (DA)	  originally	  had	  been	  isolated	  from	  a	  red	  microalga	  
Chondria	  armata	   by	   Japanese	   researchers	   studying	   the	   insecticidal	   properties	   of	  algal	  extracts	  (Takemoto	  et	  al.,	  1958).	  	  
the suffering and the sacrifice of laboratory animals, and
are technically inadequate.
A conflict of interest between two EU Directives, 91/
492 for public health control of marine biotoxins
implementing the animal bioassays [24] and 86/609 on
the protection of laboratory animals [25], has in more
recent years increased the pressure within European
countries to move away from animal bioassays. From a
technical perspective, the methods are costly to perform
with the animals requiring housing and restricted to
weight conditions. Furthermore, they lack sensitivity
with limits of detection approaching the regulatory
limits, suffer from non-specificity (whereby toxins cannot
be identified or individually quantified) and are prone to
inaccuracies in detection [26–28].
If the recent EFSA opinion on marine biotoxins is to
be implemented [29] and lower regulatory limits are
established, these bioassays will not be fit for purpose.
Conversely, these bioassay methods have been applied
fairly effectively for over 70 years for PSP toxins and
30 years for DSP toxins in protecting the consumer,
even though they lack adequate validation by today!s
standards. The aquaculture industry is generally
reluctant to change. More sensitive assays may trans-
late to a greater number or longer unnecessary closures
of harvesting sites. However, there is increasing con-
cern that the effects of toxin consumption at sub-reg-
ulatory levels over more chronic, long-term exposure
were not taken into account when the risks were being
defined. Irrespective, with increasing toxic occurrences
and new toxins presenting in established risk areas and
well-known toxins occurring in new locations, these
bioassays are becoming unsustainable, due in part to
the large numbers of mice required and the perfor-
mance of the procedures.
There is a worldwide trend towards expansion of the
shellfish industries, so the frequency of sampling and
testing is rising, exacerbated by the increasing numbers
of short-term blooms, which increase the potential for
large-scale shellfish poisoning episodes (e.g., those that
occurred over the past decade, particularly for DSP
toxins) [30]. These episodes have an immense detri-
mental effect on the industry.
3. Challenges facing alternative methods
In order to protect consumer health, the recent EFSA
opinion on marine biotoxins [29] recommends, with the
exception of yessotoxin, the implementation of substan-
tially lower regulatory limits for toxin contents in sea-
food destined for human consumption. For regulatory
authorities to be in a position to comply with the EFSA
opinion, although not a draft for legislation, access to
suitable alternative detection methods will therefore be
essential.
These new methods must be reliable and have ade-
quate sensitivity in order to detect the presence of the
toxins and analogues at not only the current regulatory
levels but also lower levels that are likely to result from
the recommendations of EFSA and other regulatory
bodies worldwide. Alternative methods with improved
sensitivity, compared to the mouse bioassay, have been
developed to replace the bioassays over the past
30 years, but a series of drawbacks and limitations have
prevented their full implementation as reference
methods in routine-monitoring programs. In order to
protect the health of the consumer and the aquaculture
industry, regulatory authorities have established
stringent performance criteria that must be realized by
an alternative method before the mouse bioassay is dis-
continued. The most challenging requirement is that
intra-laboratory and inter-laboratory validation must be
performed to internationally-recognized standards [3].
The complexity of toxin analogues and their limited
availability as standard material, particularly from
competitive commercial sources, not only restricts
method development but also proves validation to be
practically impossible to such accredited levels.
Standards for marine toxins are generally produced
following their extraction and purification from large-
scale culturing of toxic algal or from contaminated
shellfish material harvested from regions following an
outbreak [31]. Specialist laboratories able to perform
such work are rare worldwide, as they are expensive to
establish and to maintain. Explicit, dedicated expertise in
chemical separation and purification techniques is re-
quired in addition to a regular supply of contaminated
 (c) ASP toxins – Domoic acid (~10 analogues) [92] 
Fig 1. (continued)
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  Figure	  14:	  Domoic	  Acid	  structure	  	  	  In	   the	   Canadian	   pisode,	   du 	   to	   the	   consumption	   of	   blue	   mussels,	   none	   of	   the	  known	  toxins	  was	  implicated	  in	  this	  incident	  and	  eventually	  DA	  was	  identified	  as	  the	  toxic	  agent	  (Wright	  et	  al.,	  1989).	  The	  toxin	  was	  present	  at	   levels	  as	  high	  as	  1	  g/kg	  of	  edible	  tissue,	  in	  this	  was	  the	  first	  report	  of	  DA	  as	  a	  shellfish	  t xin	  (Wrig t	  et	  al.,	  1995).	  	  The	   victims	   were	   reported	   to	   have	   suffered	   neurotoxic	   and	   gastrointestinal	  symptoms	   but	   also	   an	   acute	   loss	   of	   memory;	   these	   symptoms	   were	   observed	  within	  24	  hours	  (EFSA,	  2009).	  	  	  	  
1.3.1.	  SOURCE	  ORGANISMS	  The	  source	  of	  DA	  in	  the	  eastern	  Canadian	  incident	  was	  the	  diatom	  Pseudonitzschia	  
punge s	  f 	  multi ries	  (Subba	  Rao	  et	   l.,	  1988).	  	  U til	   this	   t xin	   event,	   it	   was	   believed	   that	   phycotoxins	   were	   only	   produced	   by	  dinoflagellates,	  and	  diatoms	  were	  not	  considered	  as	  a	  possible	  source	  of	  toxins.	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Other	   species	   belonging	   to	   the	   genus	   Pseudonitzschia,	   such	   as	   P.	  
pseudodelicatissima	   and	  P.	  australis,	  were	   responsible	   for	   deaths	   of	   pelicans	   and	  cormorants	   in	  Monterey	  Bay,	  California	   (Fritz	   et	   al.,	   1992),	   after	   the	   ingestion	  of	  anchovies	   containing	   domoic	   acid	   at	   concentrations	   as	   high	   as	   0.1	   g/kg.	   In	  addition,	   DA	   has	   also	   been	   found	   in	   other	   bivalve	   molluscs	   (scallops,	   clams,	  oysters,	  etc.)	  as	  well	  as	  gastropods,	  crabs	  and	  lobsters.	  	  An	  example	  of	  a	  species	  of	  Pseudonitzschia	  is	  shown	  in	  Fig.	  15.	  	  
a)	  	   	  	  	  	  	  b)	  	   	  Figure	  15:	  a)	  Pseudonitzschia	  australis,	  b)	  Pseudonitzschia	  pungens	  	  
	  
1.3.2.	  CHEMISTRY	  DA	   is	   a	   naturally	   occurring	   analogue	   of	   glutamic	   acid	   and	   belongs	   to	   the	   kainod	  class	   of	   compounds,	   which	   have	   been	   isolated	   from	   marine	   microalgae.	   The	  chemical	  structures	  of	  DA	  and	  isomers	  (diastereoisomer	  epi-­‐domoic	  acid	  (epi-­‐DA)	  and	  isodomoic	  acids	  (iso-­‐DAs)),	  which	  were	  discovered	  after	  investigations	  in	  the	  red	  alga	  Chondria	  armata.	  	  DA	   seems	   to	   be	   the	   dominating	   toxin	   associated	  with	   ASP	   in	   both	   plankton	   and	  contaminated	   shellfish.	   Some	   of	   these	   isomers	   such	   as	   isodomoic	   A,	   C	   and	   D	   or	  domoilactones	   A	   and	   B	   were	   not	   even	   found	   in	   shellfish	   tissue	   or	   plankton	  extracts.	  	  DA	   is	   a	   crystalline	   water-­‐soluble	   compound	   with	   typical	   acidic	   amino	   acid	  properties.	  The	  structure	  is	  clearly	  pH-­‐dependent,	  and	  five	  protonated	  forms	  of	  the	  toxin	  are	  possible	  (EFSA,	  2009).	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1.3.3.	  TOXICOLOGY	  The	  toxic	  effects	  of	  DA	  were	  established	  after	  studies	  were	  carried	  out	  using	  mice,	  rats	   or	   monkeys.	   After	   i.p.	   injection	   in	   mice,	   this	   toxin	   induces	   a	   very	   peculiar	  symptomatology,	  known	  as	  “scratching	  syndrome”.	  	  The	   animals	   scratch	   their	   shoulders	   using	   the	   hind	   leg,	   followed	   by	   convulsions	  and	  often	  death.	  Subtle	  effects	  such	  as	  hypoactivity,	  rigidity,	  tremors,	  etc.	  have	  also	  been	  reported	  (Tasker	  et	  al.	  1991).	  	  The	  toxic	  effects	  in	  humans	  have	  been	  reported	  in	  the	  Canadian	  incident	  when	  107	  people	  had	  to	  be	  hospitalized;	  14	  of	  them	  displayed	  severe	  neurological	  poisoning	  and	  four	  among	  the	  oldest	  person	  intoxicated	  by	  the	  mussels	  died	  after	  11-­‐24	  days.	  Severe	  damage	  in	  the	  hippocampus	  and	  other	  parts	  of	  the	  brain	  was	  found	  (Todd,	  1993).	  The	  human	  symptoms	  were	  related	  mainly	  to	  gastrointestinal	  disorder,	  but	  neurological	   symptoms	   were	   also	   observed,	   a	   permanent	   short-­‐term	   memory	  deficit	   being	   one	   of	   the	   most	   characteristic	   symptoms	   associated	   with	   the	  intoxication.	   The	   pharmacokinetics	   and	   mechanism	   of	   action	   of	   DA	   show	   that,	  upon	  oral	  exposure,	  most	  of	  the	  toxin	  is	  excreted	  in	  the	  faeces	  of	  mice	  and	  rats.	  In	  the	  bloodstream,	  DA	  is	  cleared	  very	  easily	  by	  the	  kidneys	  (Suzuki	  et	  al.,	  1993).	  	  	  Neurotoxicity	   is	  the	  critical	  toxicological	  effect	   identified	  in	  experimental	  animals	  as	  well	  as	  in	  humans.	  The	  mechanism	  of	  action	  of	  DA	  is	  an	  agonist	  of	  the	  glutamate	  receptor	   (Takemoto,	   1978).	   Domoic	   and	   kainic	   acids	   can	   be	   regarded	   as	  conformational	   restricted	   forms	   of	   glutamic	   acid,	   both	   acting	   as	   high-­‐affinity	  glutamate	  receptors	  of	  the	  quisqualate	  type.	  	  The	  glutamate	  receptors	  conducts	  Na+	  ion	  channels	  in	  the	  postsynaptic	  membrane	  so	   then	   DA	   acts	   to	   open	   the	   Na+	   channels,	   leading	   to	   Na+	   influx,	   inducing	  depolarization.	  As	  a	  result	  of	   this,	   the	  Ca+	   ion	   influx	   is	   increased	  and	  may	   lead	  to	  cell	   death.	  DA	   is	   a	  2-­‐3	   times	   stronger	  neuroexcitator	   than	  kainic	   acid,	   and	  about	  100	  times	  more	  potent	  than	  glutamate	  (EFSA,	  2009).	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1.3.4.	  Regulatory	  Levels	  After	  the	  Canadian	  incident,	  a	  safe	  limit	  for	  DA	  was	  established;	  this	  limit	  was	  set	  at	  20	  mg/kg	  shellfish	  tissue	  (Iverson	  et	  al.,	  1994).	  Most	  countries	  have	  adopted	  this	  level	  as	  the	  regulatory	  level	  for	  this	  toxin.	  Recently,	  the	  action	  level	  for	  DA	  in	  crab	  viscera	   has	   been	   modified	   and	   increased	   to	   80	   mg/kg.	   Data	   reported	   from	   the	  Canadian	   incident	   estimated	   that	   the	   concentration	  of	  DA	   in	   shellfish	  was	   in	   the	  range	  of	  300-­‐1000	  mg/kg	  and	   the	   intoxicated	   individuals	  may	  have	   ingested	  1-­‐2	  mg/kg	  of	  the	  toxin.	  	  The	   few	   data	   on	   exposure	   to	   DA	   associated	   with	   adverse	   effects	   in	   humans	   (9	  individuals)	  in	  ASP	  outbreaks	  indicate	  that	  severe	  and	  irreversible	  effects	  occurred	  at	  about	  4	  mg/kg	  bodyweight	  (b.w.)	  and	  the	  lowest-­‐observed-­‐adverse-­‐effect-­‐level	  (LOAEL)	  for	  mild	  signs	  and	  symptoms	  was	  0.9	  mg/kg	  b.w.	  	  Consumption	   of	   250	   g	   of	   mussel	   meat	   at	   maximum	   tolerance	   level	   will	   give	   an	  intake	  of	  about	  0.1	  mg	  DA/kg	  body	  weight	  for	  an	  adult.	  	  The	  rates	  of	  accumulation	  of	  DA	  in	  shellfish	  and	  the	  speed	  of	  its	  elimination	  vary,	  both	  within	  different	  species	  and	  between	  different	  organs.	   In	  most	  shellfish,	  DA	  accumulates	  in	  the	  digestive	  organs.	  	  	  	  
1.3.5.	  ANALYTICAL	  METHODS	  DA	   can	   be	   detected	   by	   the	   mouse	   bioassay	   for	   PSP	   if	   the	   observation	   time	   is	  extended	  to	  more	  than	  4	  hours.	  The	  toxin	  is	  detected	  in	  mice	  by	  means	  of	  a	  unique	  syndrome,	   the	   above-­‐mentioned	   “scratching	   syndrome”.	   The	   success	   of	   this	  biological	  assay	  in	  the	  Canadian	  incident	  was	  due	  in	  part	  to	  the	  high	  levels	  of	  toxin	  present	   in	   contaminated	   shellfish	   (300-­‐1000	   mg/kg	   tissue).	   However,	   the	  sensitivity	   if	   the	   bioassay	   is	   inadequate	   for	   the	   action	   level	   of	   20	   mg/kg	   tissue	  established	  as	  the	  regulatory	   level.	  Symptoms	  such	  as	  scratching	  are	  observed	   in	  mice	  with	  extracts	  containing	  more	  than	  40	  mg/kg.	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Several	   alternatives	   have	   been	   developed	   for	   the	   analysis	   ASP	   toxins.	   The	   first	  chemical	   approach	   involves	   the	   use	   of	   reverse-­‐phase	   HPLC	   analysis	   with	   UV	  detection	   of	   the	   underivatized	   compound	   at	   its	   absorption	  maximum	  of	   242	  nm	  (Quilliam	  et	  al.,	  1989a).	  	  Since	   then,	  several	  alternatives	  using	  different	  extraction	  procedures	  or	  different	  detection	   methods,	   such	   as	   fluorescence	   after	   derivatization	   using	   different	  reagents	   (Pocklington	   et	   al.,	   1990;	   James	   et	   al.,	   2000),	   have	   been	   developed,	   all	  with	  detection	  limits	  at	  1	  mg/kg	  or	  lower.	  	  CE,	  a	  very	  promising	  analytical	  technique,	  has	  also	  been	  investigated	  and	  applied	  to	  the	  analysis	  of	  DA	  (Nguyen	  et	  al.,	  1990;	  Zhao	  et	  al.,	  1997;	  Piñeiro	  et	  al.,	  1999).	  	  Gas	   chromatography	   (GC)-­‐MS	   and	   liquid	   chromatography	   (LC)-­‐MS	   techniques	  have	   also	   been	   proposed	   for	   the	   determination	   of	   these	   compounds.	   GC-­‐MS	   is	  applicable	  to	  concentrations	  of	  DA	  in	  contaminated	  shellfish	  ranging	  from	  1	  to	  500	  mg/kg;	   nevertheless,	   a	   derivatization	   reaction	   is	   required	   to	   convert	   the	   ASP	  compounds	  into	  N-­‐trifluoroacetyl-­‐O-­‐silyl	  derivates,	  requiring	  an	  intensive	  clean	  up	  to	   facilitate	   this	  derivatization	  (Pleasance	  et	  al.,	  1990).	  HPLC	  combined	  with	   ion-­‐spray	   MS	   has	   been	   shown	   to	   be	   particularly	   useful	   for	   confirmation	   of	   DA	   in	  shellfish	  (Quilliam	  et	  al.,	  1989b).	  	  Among	   biochemical	   assays,	   several	   ELISAs	   have	   been	   developed.	   According	   to	  Garthwaite	   et	   al.	   (1998),	   a	   robust	   and	   highly	   sensitive	   ELISA	   method	   is	   now	  available	  which	   should	   be	   suitable	   for	   routine	   testing	   of	   shellfish	   for	   regulatory	  purpose.	  	  	  Among	  all	   these	  analytical	   alternatives	   for	   the	   control	   of	  ASP	   toxins,	  HPLC-­‐UV	   is	  the	   preferred	   method	   and	   has	   been	   used	   by	   the	   most	   regulatory	   agencies	  worldwide	  for	  preventing	  incidents	  of	  ASP	  (Lawrence	  et	  al.,	  1989,	  1991;	  Quilliam	  et	  al,	  1989a;	  Association	  of	  Official	  Analytical	  Chemists,	  1991).	  	  This	  method	  is	  suitable	  for	  detecting	  contamination	  levels	  greater	  than	  20	  mg/kg;	  nevertheless,	  interferences	  commonly	  present	  in	  such	  complex	  matrices	  can	  cause	  false	  positives	  with	  crude	  extracts.	  It	  has	  been	  shown	  that	  tryptophan	  and	  some	  of	  its	   derivatives	   are	   often	   present	   in	   shellfish	   tissues,	   eluting	   close	   to	   DA	   and	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isomers,	   and	   it	   is	  necessary	   to	  use	   efficient	   clean	  up	  procedures	   to	   remove	   such	  interferences	   and	   consequently	   obtain	   an	   accurate	   control	   of	   these	   toxic	  compounds	  (EFSA,	  2009).	  	  Although	   intensive	  work	   in	   developing	   selective	   clean	   up	  methods,	   by	  means	   of	  solid	  phase	  extraction	  using	  C18	  or	  anion	  exchange	  as	  stationary	  phases,	  has	  been	  carried	   out	   recently,	   enormous	   variability	   has	   been	   found	   (Piñeiro,	   2001).	  Improvements	  are	  still	  required,	  and	  thus	  the	  use	  of	  confirmatory	  techniques	  such	  as	  MS	  is	  highly	  recommended	  to	  ensure	  the	  presence	  or	  absence	  of	  ASP	  toxins	  in	  seafood	  (EFSA,	  2009).	  	  	  	  
1.4.	  EMERGING	  TOXINS	  	  The	  progress	  in	  the	  development	  in	  analytical	  techniques	  has	  led	  to	  the	  discovery	  of	   new	   toxins	   including	   pinnatoxins	   (PnTXs),	   gymnodimine	   (GYMs),	   spirolides	  (SPXs),	  ciguatoxins	  (CTXs)	  and	  palytoxins	  (PLTXs).	  Due	  to	  similarities	  in	  chemical	  structure	  and	  toxicity	  in	  mice	  these	  different	  groups	  of	  toxins	  have	  been	  grouped	  together.	  	  	  
1.4.1	  CYCLIC	  IMINES	  
	  
1.4.1.1.	  Pinnatoxins	  	  The	  organism	  producing	  PnTXs	  has	  not	  been	  identified	  but	  has	  been	  described	  as	  a	  peridinoid	   dinoflagellate.	   Pteriatoxins	   are	   suggested	   to	   be	   bio-­‐transformed	   from	  PnTXs	  in	  shellfish.	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  Figure	  16:	  Pinnatoxin	  stucture	  	  They	  are	  a	  group	  implicated	  in	  human	  food	  poisoning	  resulting	  from	  the	  ingestion	  of	   shellfish	   belonging	   to	   the	   Pinna	   genus	   (Fig.	   17).	   This	   bivalve	   is	   a	   common	  seafood	   in	   China	   and	   Japan,	   and	   human	   intoxication	   is	   a	   regular	   occurrence	  (Twohig,	  2001).	  	  	  
	  Figure	  17:	  Pinna	  fragilis	  	  The	   symptoms	   associated	   with	   this	   intoxication	   involve	   diarrhoea	   with	   typical	  neurological	  symptoms.	  Pinnatoxins	  are	  thought	  to	  be	  Ca+	  activators.	  	  Only	  recently	  PnTXs	  were	  identified	  for	  the	  first	  time	  in	  shellfish	  in	  Europe.	  They	  have	  so	  far	  only	  been	  identified	  in	  Norway.	  The	  other	  European	  countries	  have	  not	  conducted	   surveys	   to	   this	   end.	   Seven	   PnTX-­‐analogues	   (PnTX	   A-­‐G)	   have	   been	  chemically	  characterised.	  Of	   the	   group	   of	   cyclic	   imines	   the	   chemical	   structure	   of	   PnTXs	   is	   most	   closely	  related	  to	  that	  of	  SPXs.	  PnTXs	  have	  a	  6-­‐5-­‐6	  polyether	  ring	  system	  and	  they	  have	  an	  additional	  bicyclic	  ether	  moiety	  in	  the	  macrocycle	  (Fig.	  16).	  PnTX-­‐	  analogues	  vary	  in	  the	  length	  of	  their	  cyclohexenyl	  side	  chains	  (EFSA,	  2010).	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1.4.1.2.	  Gymnodimine	  	  GYMs	  are	  produced	  by	   the	  dinoflagellate	  Karenia	  selliformis.	   In	  1994	  oyster	   from	  South	   Island,	  New	  Zealand,	  were	  analysed	  and	  gave	   rise	   to	  mouse	   toxicity	   levels	  that	  could	  not	  be	  attributed	  to	  known	  toxins.	  After	  multiple	  chromatographic	  steps	  using	   UV	   diode	   array	   detection,	   and	   mouse	   bioassay,	   the	   potent	   compound	  responsible	   was	   isolated.	   This	   compound	   was	   named	   gymnodimine,	   since	   the	  causative	   organism	  was	  Gymnodinium	  sp.	   The	  minimum	   lethal	   dose	   in	  mice	  was	  450	  mg/kg.	   Mice	   injected	   died	  within	   5-­‐15	  minutes.	   Gymnodimine	   also	   showed	  potent	  ichthyotoxicity	  at	  levels	  of	  250-­‐500	  ppb.	  The	  structure	  of	  gymnodimine	  was	  characterized	  using	  nuclear	  magnetic	  resonance.	  	  	  
	  Figure	  18:	  Karenia	  selliformis	  	  To	   date	  GYMs	   have	   not	   been	   reported	   in	   shellfish	   produced	   in	   Europe,	   but	   they	  have	  been	  found	  in	  products	  imported	  from	  outside	  of	  Europe	  (EFSA,	  2010).	  The	   structures	   of	   GYMs	   have	   also	   been	   characterised	   by	   applying	   NMR	   and	  MS	  techniques	  (Seki	  et	  al.,	  1995;	  Stewart	  et	  al.,	  1997).	  They	  are	  the	  smallest	  molecules	  of	   the	   group	   of	   CIs.	   The	   chemical	   structures	   of	   GYM	   A,	   GYM	   B	   and	   GYM	   C	   are	  known	  now	  (Fig.	  19).	  All	  GYM	  analogues	  have	  a	  six-­‐membered	  imino	  ring.	  	  76 E.S. Fonfría et al. / Analytica Chimica Acta 657 (2010) 75–82
Fig. 1. Chemical structure of gymnodimines and spirolides.
regulation regarding theirpresence in shellfish.However, theirhigh
intraperitoneal toxicity is an important source of false positives in
lipophilic toxin detection by mouse bioassay [13] and the current
opinion of the scientific community is in favor of regulating the
levels of spirolides given their oral toxicity in laboratory animals.
The development of fast, specific, reliable detection methods for
gymnodimines and spirolides that can be used in shellfish extracts
are thus essential to guarantee adequate closure of aquaculture
areas, and for human health protection. Currently the only detec-
tion methods for GYMs and spirolides are the mouse bioassay, and
liquid chromatography–mass spectrometry (LC–MS)-based detec-
tion techniques [8,10,13,15,20,21]. The mouse bioassay is not a
specific technique and it entails technical, ethical and legal prob-
lems derived from the use of laboratory animals. LC–MS allows
unequivocal identification of toxins, but it could not detect new
analogues or well-known analogues for which there are no avail-
able standards. Very recently we have developed a fluorescence
polarization assay based on the high affinity of these toxins for the
nicotinic acetylcholine receptor (nAChR) and the competition for
binding to the receptor with !-BTX, which is often fluorescently
labeled to study the localization of nAChRs [17,22].
In the field of food contaminants the need to develop detection
methods compatible with several food matrixes is very common.
In the case of marine toxins, many species of filtering mollusks
can become poisonous due to accumulation of the toxins through
the trophic chain. In this paper we study the suitability of a
gymnodimine/spirolide extraction method for the detection of
these toxins in clams,mussels, cockles and scallops using a fluores-
cence polarization assay. This fluorescence polarization detection
method is based on the inhibition by GYMs and spirolides of the
interaction of fluorescent !-bungarotoxin (!-BTX) with nAChRs
from electrocytes of the electric ray Torpedo marmorata [22].
2. Materials and methods
2.1. Materials
Alexa Fluor 488 !-BTX was purchased from Molecular Probes
(Eugene, Oregon, US). GYM and 13-desmethyl C spirolide standard
solutions were purchased from NRC-CNRC (Institute for Marine
Biosciences, National Research Council, Halifax, NS, Canada).
Bovine serum albumin (BSA) and Tween-20 were from Sigma
	  Figure	  19:	  Gymnodimine	  analogues	  structure	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1.4.1.3.	  Spirolides	  	  SPXs	   are	   produced	   by	   the	   dinoflagellate	   Alexandrium	   ostenfeldii.	   A	   family	   of	  macrocyclic	  toxins	  was	  isolated	  from	  the	  digestives	  glands	  of	  shellfish,	  which	  were	  collected	   from	  the	  eastern	  shore	  of	  Nova	  Scotia,	  Canada.	  These	  compounds	  were	  named	  spirolides,	  as	  they	  possess	  an	  unusual	  seven-­‐membered	  cyclic	  imine	  moiety	  that	   in	   spiro-­‐linked	   to	   a	   cyclohexene	   ring.	   The	   pharmacological	   activity	   of	   the	  spirolides	  were	  initially	  isolated	  and	  structurally	  elucidated	  (Hu	  et	  al.,	  1995).	  Two	  minor	  components	  were	   isolated	   later,	  which	  were	   inactive	   in	  mice	  and	  did	  not	   possess	   a	   cyclic	   imine	   moiety,	   suggesting	   that	   this	   group	   is	   essential	   for	  pharmacological	  activity.	  	  
retention of the stability of receptors are also major
limiting factors in the broad application of these assays.
However, crude extracts or cell lines abundant in
receptors may be used but there are more complex bio-
analytical systems that have been employed in two
different assay formats. The toxicity present in a sample
is either derived from end-point assays that use the
survival rate of the cell or FL assays that are sensitive to
changes in membrane potential when toxin is present.
Cell-morphology-based assays (e.g., those used for DSP,
Figure 2. Chemical structure of the parent toxins for emerging marine biotoxins in European Union waters.
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  Figure	  20:	  Spirolide	  structure	  	  	  Actually,	   there	   are	   no	   regulatory	   limits	   for	   cyclic	   imines	   in	   shellfish.	   The	  mouse	  bioassay	   (MBA)	   has	   traditionally	   been	   used	   to	   detect	   cyclic	   imines	   in	   shellfish.	  However,	  for	  reasons	  of	  animal	  welfare	  there	  is	  a	  growing	  concern	  with	  respect	  to	  its	   use.	   Due	   to	   its	   poor	   specificity	   it	   is	   not	   considered	   an	   appropriate	   detection	  method	   for	   cyclic	   imines.	   The	   receptor-­‐based	   fluorescence	   polarisation	   method	  has	  been	   shown	   to	  be	  able	   to	  detect	  GYM	  A	  and	  13-­‐desmethyl	   SPX	  C	  at	   relevant	  levels	   in	   shellfish	   but	   it	   needs	   further	   development.	   Liquid	   chromatography-­‐tandem	   mass	   spectrometry	   (LC-­‐MS/MS)	   methods	   allow	   specific	   detection	   of	  ndividual	   cyclic	   imines	   and	   they	   w uld	   be	   of	   value	   f r	   their	   qu tif cation	   in	  shellfish.	  None	  of	  the	  current	  methods	  of	  analysis	  to	  determine	  CIs	  in	  shellfish	  has	  been	  formally	  validated	  in	  inter-­‐laboratory	  studies.	  The	  CONTAM	  Panel	  noted	  that	  certified	   reference	   standards	   and	   reference	  materials	   for	   toxicologically	   relevant	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CIs	   need	   to	   be	   provided	   to	   allow	   method	   development	   and	   (inter-­‐laboratory)	  validation	  (EFSA,	  2010).	  
	  
	  
1.4.2.	  CIGUATOXINS	  	  Ciguatoxin	  (CTX)-­‐group	  toxins	  are	  marine	  biotoxins;	  which	  occur	  in	  fish	  as	  a	  result	  of	   biotransformation	   of	   precursor	   gambiertoxins	   produced	   by	   the	   benthic	  dinoflagellate	  Gambierdiscus	   toxicus.	   They	   are	  mainly	   found	   in	   Pacific,	   Caribbean	  and	   Indian	  Ocean	  region	  and	   they	  are	  classified	  as	  Pacific	   (P),	  Caribbean	  (C)	  and	  Indian	  Ocean	  (I)	  CTX-­‐group	  toxins.	  Recently	  CTX-­‐group	  toxins	  were	  identified	  for	  the	  first	  time	  in	  fish	  caught	  in	  Europe.	  	  
	  Figure	  21:	  Gambierdiscus	  toxicus	  	  CTX-­‐group	   toxins	   are	   lipid-­‐soluble	   polyether	   compounds.	   Chemical	   structures	   of	  more	   than	   20	   analogues	   of	   P-­‐CTX-­‐group	   toxins	   have	   been	   identified.	   For	   two	   C-­‐CTX-­‐group	   toxins	   (C-­‐CTX-­‐1	   and	   C-­‐CTX-­‐2)	   chemical	   structures	   have	   been	  characterised	  and	  several	  analogues	  have	  been	  identified.	  Only	  four	  closely	  related	  I-­‐CTX-­‐group	  toxins	  have	  been	  identified.	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Confirmation of CFP is challenging as CTXs are active at very
low levels in fish. CFP is confirmed only when CTXs are detected
in meal remnants or unused portions of the fish consumed. If a
meal remnant is unavailable, traceback analysis of fish from the
implicated lot is often unproductive, as fish of the same species
harvested from the same region can vary widely in toxin content.
Furthermore, composite toxicity of uncooked fish may not reflect
that of the meal if molecular changes occur amongst CTX congen-
ers as a result of cooking. In the present study, we examined the
N2a cytotoxicity and toxin profiles of a cooked meal remnant
and uncooked portion of the same fish implicated in CFP. This
study is significant in the context of CFP outbreaks, as frequently
only cooked meal remnants are available.
In 2007, we received portions of uncooked fish and cooked meal
remnant from a suspected CFP case. The individual had purchased
barracuda from a local supermarket in Massachusetts, USA. A por-
tion of the fish was cooked before consumption and the remainder
frozen. The individual experienced diarrhoea, chills, vomiting,
headache, abdominal cramps, sweating, and pruritis after the meal.
We analysed the cooked and uncooked portions by using a tiered
method for ciguatoxin analysis, consisting of an in vitro N2a cell
assay (cytotoxicity) for screening followed by LC–MS/MS analysis
for structural confirmation of the toxin. Both samples tested posi-
tive for sodium channel active toxins by N2a assay, and the pres-
ence of C-CTX-1 was structurally confirmed by LC–MS/MS.
Further analyses of raw and cooked fish by cytotoxicity-guided
LC–MS/MS revealed several C-CTX congeners with sodium channel
activity, as described here, and contribute to our understanding of
toxic constituents in ciguatoxic Caribbean fish.
2. Materials and methods
2.1. Sample collection
Two samples consisting of cooked and raw portions of
CFP-implicated barracuda were received from Massachusetts
Department of Public Health, USA. The cooked portion was recov-
ered from the meal consumed. Consumer purchased the frozen fish
from a local supermarket and cut into steaks. A portion of the fish
was cooked prior to consumption by the individual and the
remaining raw product frozen. The uncooked fish and meal
remnants were received frozen and stored at !20 !C until analysis.
2.2. Sample extraction
For N2a cytotoxicity assay, 1-g portions of cooked or raw fish
were homogenised with 2 ml of acetone, centrifuged at 3000 rpm
for 10 min, and the supernatant transferred to a test tube. Extrac-
tion was repeated and the combined supernatants were chilled at
!20 !C for at least 4 h. The chilled acetone extract was centrifuged,
the supernatant transferred to clean test tube and dried under
nitrogen. The residue was suspended in 80% methanol (1 ml),
and defatted twice with 0.5 ml 95% hexane. The 80% methanol
layer was dried under nitrogen, the residue suspended in 1 ml
water, and partitioned twice against chloroform (1 ml). The chloro-
form layers were combined, evaporated to dryness with nitrogen,
and weight of the residue determined. The extract was cleaned-
up using a silica solid phase extraction (SPE) cartridge. The SPE car-
Pacific ciguatoxin-1 (P-CTX-1) 
Caribbean Ciguatoxin-1 (C-CTX-1) 
Fig. 1. Structures of Pacific ciguatoxin-1 (P-CTX-1) and Caribbean ciguatoxin-1 (C-CTX-1).
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  Figure	  22:	  Cigutoxins	  structures	  	  CTX-­‐group	  toxins	  cause	  ciguatera	  fish	  poisoning	  (CFP).	  This	  is	  a	  complex	  syndrome	  characterised	   by	   a	   wide	   variety	   of	   symptoms	   and	   signs	   such	   as	   gastrointestinal	  (e.g.	   vomiting,	   diarrhoea,	   nausea),	   neurological	   (e.g.	   tingling,	   itching)	   and	  cardiovascular	   (e.g.	   hypotension,	   bradycardia)	   effects.	   In	   severe	   cases	   the	  symptoms	  may	  begin	  as	  soon	  as	  30	  minutes	  after	   ingestion	  of	  contaminated	  fish,	  while	  in	  milder	  cases	  they	  may	  be	  delayed	  for	  24	  to	  48	  hours.	  Fatalities	  may	  occur	  due	   to	   cardio-­‐respiratory	   failure.	   At	   present,	   CFP	   is	   the	   most	   co m n	   type	   of	  marine	  biotoxin	  food	  p isoning	  worldwide	  with	   n	  estim ted	  number	  of	  10000	  to	  50000	  people	  suffering	  f om	  t e	  disease	  ann ally.	  CFP	  i 	  p imarily	  associated	  with	  the	  consumption	  of	  large	  predator	  fish	  that	  have	  accumulated	  CTX-­‐group	  toxins	  by	  feeding	  on	  smaller	  contaminated	  coral	  reef	  fish	  (EFSA,	  2010).	  	  Currently	   there	   are	   no	   regulatory	   limits	   for	   CTX-­‐group	   toxins	   in	   the	   European	  Union	   (EU),	   but	   the	  EU	   regulation	   states	   that	   checks	   are	   to	   take	  place	   to	   ensure	  that	  fishery	  products	  containing	  biotoxins	  such	  as	  ciguatoxin	  are	  not	  placed	  on	  the	  market.	  Due	  to	  the	  very	  limited	  quantitative	  data	  both	  in	  experimental	  animals	  as	  well	  as	  related	   to	   human	   intoxications,	   the	   CONTAM	   Panel	   concluded	   that	   the	  establishment	  of	  an	  oral	  ARfD	  was	  not	  possible.	   In	  addition,	   it	   concluded	   that	  an	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ARfD	  may	  also	  not	  be	  adequately	  protective	   to	  humans	  exposed	  several	   times	   to	  CTX-­‐group	   toxins	   even	   when	   incidents	   occurred	   months	   apart.	   In	   line	   with	   the	  approach	   of	   FAO	   (2004),	   the	   CONTAM	  Panel	   applied	   a	   concentration	   of	   0.01	   μg	  equivalents	   of	   P-­‐CTX-­‐1/kg	   of	   fish	   expecting	   not	   to	   exert	   effects	   in	   sensitive	  individuals,	  in	  order	  to	  cover	  all	  CTX-­‐group	  toxins	  that	  could	  be	  present	  in	  fish.	  	  Liquid	   chromatography-­‐tandem	   mass	   spectrometry	   (LC-­‐MS/MS)	   methods	   allow	  specific	  detection	  of	  individual	  analogues	  of	  P-­‐,	  C-­‐	  and	  I-­‐CTX-­‐group	  toxins	  and	  they	  would	  be	  of	  value	   for	  their	  quantification	   in	   fish	  extracts	  but	  none	  of	   the	  current	  methods	   of	   analysis	   to	   determine	   CTX-­‐group	   toxins	   in	   fish	   has	   been	   formally	  validated	  (EFSA,	  2010).	  	  	  
1.4.3.	  PALYTOXINS	  	  The	  European	  legislation	  is	  still	   limited	  for	  these	  particular	  toxins	  and	  in	  fact	  the	  limits	   for	  PLTXs	   are	  not	   yet	   established,	   although	  according	   to	  EU	  Directives	   for	  fisheries	  products	  the	  sum	  of	  PLTXs	  and	  its	  analogues	  should	  not	  exceed	  30	  µg/kg	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1.4.3.1.	  SOURCE	  ORGANISMS	  and	  CHEMISTRY	  Palytoxin	  (PLTX)	   is	  a	   large,	  very	  complex	  molecule	  with	  a	   long	  polyhydroxylated	  and	   partially	   unsaturated	   aliphatic	   backbone,	   containing	   64	   chiral	   centers	   and	   a	  backbone	   of	   115	   contiguous	   carbon	   atoms	   (Moore,	   1985).	   This	   latter	   feature,	  coupled	  with	  the	  presence	  of	  eight	  double	  bonds	  that	  are	  able	  to	  exhibit	  cis/trans-­‐isomerism	  means	  that	  PLTX	  can	  have	  more	  than	  1021	  stereoisomers.	  The	  chemical	  formula	  of	  PLTX	  is	  C129H233N3O54	  (Katikou,	  2007).	  	  
retention of the stability of receptors are also major
limiting factors in the broad application of these assays.
However, crude extracts or cell lines abundant in
receptors may be used but there are more complex bio-
analytical systems that have been employed in two
different assay formats. The toxicity present in a sample
is either derived from end-point assays that use the
survival rate of the cell or FL assays that are sensitive to
changes in membrane potential when toxin is present.
Cell-morphology-based assays (e.g., those used for DSP,
Figure 2. Chemical structure of the parent toxins for emerging marine biotoxins in European Union waters.
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  Figure	  23:	  Palytoxin	  structure	  	  The	  components	  of	  the	  PLTX	  group	  are	  white,	  amorphous	  and	  hygroscopic	  solids.	  They	  are	   insoluble	   in	  non-­‐polar	   solvents	   such	  as	   chloroform,	   ether,	   and	  acetone,	  are	   sparingly	   soluble	   in	  methanol	   and	   ethanol	   and	   soluble	   in	   pyridine,	   dimethyl	  sulfoxide	  and	  water.	  At	  least	  11	  different	  PLTX	  analogues	  are	  known:	  PLTX,	  ostreocin-­‐D,	  ovatoxin-­‐a,	  -­‐b,	  -­‐c,	   -­‐d/e,	   homopalytoxin,	   bishomopalyloxin,	   neopalytoxin,	   deoxypalytoxin	   and	  42-­‐hydroxypalytoxin.	  Chemical	  structure	  has	  been	  characterised	  for	  PLTX,	  ostreocin-­‐D,	  ovatoxin-­‐a	  and	  42-­‐hydroxypalytoxin	  as	   the	  most	   important	  of	   the	  PLTX	  group	  (Riobó	  et	  al.,	  2011;	  Ciminiello	  et	  al,	  2013).	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siamensis from the Gulf of Siam (Thailand) by Schmidt (1901). The
type species O. siamensis shows a worldwide distribution including
Pacific areas (Asia, Australia, New Zealand and Hawaii), Caribbean
Sea and Indian Ocean (Madagascar and Reunion Islands) (Rhodes,
2011). But recently, morphological and phylogenetic or molecular
analyses of isolates identified the presence of O. cf. siamensis also in
European seawaters of the Mediterranean Sea and eastern Atlantic
coasts (Penna et al., 2010, 2012; Amorim et al., 2010; Laza-
Martinez et al., 2011) confirming the previous morphological and/
or phylogenetic finding of O. cf. siamensis in the Mediterranean Sea
(Vila et al., 2001; Penna et al., 2005).
Ostreopsis spp. present some concern to human health due to
their ability to produce congeners of palytoxin (Fig. 1), one of the
most potent marine toxins so far known. In the middle ‘90s, a
palytoxin-like compound, named ostreocin-d, was isolated from a
Japanese strain of O. siamensis (Usami et al., 1995). A few years
later, its structure was fully elucidated as 42-hydroxy-3,26-
didemethyl-19,44-dideoxypalytoxin (Fig. 1) basing on extensive
NMR evidence and confirmed by negative ion fast atom
bombardment (FAB) collision induced dissociation (CID) MS
(Ukena et al., 2001, 2002). Some other palytoxin-like molecules
were also detected in a Japanese O. siamensis culture but they were
present in the algal extract in amounts too low for a complete
NMR-based structure elucidation. Tentative structure of ostreocin-
b was reported by Ukena (2001) (Fig. 1). Compared to ostreocin-d,
ostreocin-b presents an additional hydroxyl at C-44, thus being the
42-hydroxy-3,26-didemethyl-19-deoxypalytoxin.
Recently, liquid chromatography–high resolution mass spec-
trometry (LC–HRMS) studies revealed also O. cf. ovata as a
producer of palytoxin-like compounds: putative palytoxin and
ovatoxins were identified in both field and cultured Mediterranean
strains of O. cf. ovata (Ciminiello et al., 2006, 2008, 2010, 2012c).
Ovatoxin-a, the major component of O. cf. ovata toxin profile, was
recently isolated and structurally elucidated as 42-hydroxy-
17,44,64-trideoxypalytoxin (Fig. 1) basing on NMR and HRMSn
evidence (Ciminiello et al., 2012a,b). Ovatoxin-b, -c, -d, -e, and -f
have not been isolated yet and only their LC–HRMS and MSn data
have been reported so far: they present elemental composition
similar to that of palytoxin, differing for just a few carbon,
hydrogen and/or oxygen atoms. Table 1 reports elemental
formulae (M) of palytoxin, ovatoxins and ostreocins together with
elemental composition of their relevant A and B moieties due to
fragmentation between C-8 and C-9 of the molecules (Fig. 1) which
represent a key spectral feature of all palytoxin-like molecules
(Ciminiello et al., 2011a).
In the Mediterranean area, O. cf. ovata has caused several toxic
outbreaks as recently reviewed by Mangialajo et al. (2011) while
Fig. 1. Structures of palytoxin, ovatoxin-a, ostreocin-d, and ostreocin-b.
Table 1
Elemental formulae of palytoxin, ovatoxins and ostreocins so far known and
elemental composition of A- and B- moieties of each compound resulting from the
favored fragmentation between C-8 and C-9 of the molecule.
Toxin M A moiety B moiety
Palytoxin C129H223N3O54 C16H28N2O6 C113H195NO48
Ovatoxin-a C129H223N3O52 C16H28N2O6 C113H195NO46
Ovatoxin-b C131H227N3O53 C18H32N2O7 C113H195NO46
Ovatoxin-c C131H227N3O54 C18H32N2O7 C113H195NO47
Ovatoxin-d C129H223N3O53 C16H28N2O6 C113H195NO47
Ovatoxin-e C129H223N3O53 C16H28N2O7 C113H195NO46
Ovatoxin-f C131H227N3O52 C16H28N2O6 C115H199NO46
Ostreocin-d C127H219N3O53 C15H26N2O6 C112H193NO47
Ostreocin-b C127H219N3O54 C15H26N2O6 C112H193NO48
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  Figure	  24:	  Palytoxin	  analogues	  structure	  (Ciminiello	  et	  al,	  2013)	  	  Recently,	   a	  new	  palytoxin-­‐like	   compound,	   ovatoxin-­‐f,	   has	  been	  detected	   in	   a	  NW	  Adriatic	   O.	   cf.	   ovata	   isolate.	   Its	   elemental	   composition	   compared	   to	   that	   of	  ovatoxin-­‐a	   presents	   additional	   C2H4	   and	   the	   whole	   of	   the	   HR	   CID	   MSn	   data	  suggest 	   that	   tructural	   differences	   between	   molecules	   reside	   in	   the	   region	  between	  C-­‐	  95	  and	  C-­‐102	  (Ciminiello	  et	  al.,	  2012c).	  	  The	  molecular	  weights	   of	   PLTX	   range	   from	   2659	   to	   680	  Da,	   depending	   on	   the	  
Palyth a	  species	   from	  which	   it	   is	  obtained.	  Ostreocin-­‐D	   is	  2635	  Da	   (Ukena	  et	  al.,	  2001),	  while	  ovatoxin	  is	  2648	  Da	  (Ciminiello	  et	  al.,	  2008).	  	  Ostreocin-­‐D	  was	  isolated	  from	  O.	  siamensis	  by	  Usami	  et	  al.	  (1995)	  and	  its	  structure	  was	   definitely	   elucidated	   as	   42-­‐hydroxy-­‐3,26-­‐didemethyl-­‐19,44-­‐dideoxypalytoxin	  by	  Ukena	  as	  well	  (2001).	  	  On	   the	   other	   hand,	  O.	   cf.	   ovata	   has	   been	   found	   to	   produce	   PLTX	   analogues,	   the	  ovatoxins-­‐a,	  -­‐b,	  -­‐c,	  -­‐d,	  -­‐e	  (Ciminiello	  et	  al.,	  2010).	  	  Ovatoxin-­‐a	  is	  the	  most	  similar	  to	  PLTX	  of	  the	  entire	  group,	  because	  presents	  two	  oxygen	  atoms	  less	  than	  it,	  but	  they	  
siamensis from the Gulf of Siam (Thailand) by Schmidt (1901). The
type species O. siamensis shows a worldwide distribution including
Pacific areas (Asia, Australia, New Zealand and Hawaii), Caribbean
Sea and Indian Ocean (Madagascar and Reunion Islands) (Rhodes,
2011). But recently, morphological and phylogenetic or molecular
analyses of isolates identified the presence of O. cf. siamensis also in
European seawaters of the Mediterranean Sea and eastern Atlantic
coasts (Penna et al., 2010, 2012; Amorim et al., 2010; Laza-
Martinez et al., 2011) confirming the previous morphological and/
or phylogenetic finding of O. cf. siamensis in the Mediterranean Sea
(Vila et al., 2001; Penna et al., 2005).
Ostreopsis spp. present some concern to human health due to
their ability to produce congeners of palytoxin (Fig. 1), one of the
most potent marine toxins so far known. In the middle ‘90s, a
palytoxin-like compound, named ostreocin-d, was isolated from a
Japanese strain of O. siamensis (Usami et al., 1995). A few years
later, its structure was fully elucidated as 42-hydroxy-3,26-
didemethyl-19,44-dideoxypalytoxin (Fig. 1) basing on extensive
NMR evidence and confirmed by negative ion fast atom
bombardment (FAB) collision induced dissociation (CID) MS
(Ukena et al., 2001, 2002). Some other palytoxin-like molecules
were also detected in a Japanese O. siamensis culture but they were
present in the algal extract in amounts too low for a complete
NMR-based structure elucidation. Tentative structure of ostreocin-
b was reported by Ukena (2001) (Fig. 1). Compared to ostreocin-d,
ostreocin-b presents an additional hydroxyl at C-44, thus being the
42-hydroxy-3,26-didemethyl-19-deoxypalytoxin.
Recently, liquid chromatography–high resolution mass spec-
trometry (LC–HRMS) studies revealed also O. cf. ovata as a
producer of palytoxin-like compounds: putative palytoxin and
ovatoxins were identified in both field and cultured Mediterranean
strains of O. cf. ovata (Ciminiello et al., 2006, 2008, 2010, 2012c).
Ovatoxin-a, the major component of O. cf. ovata toxin profile, was
recently isolated and structurally elucidated as 42-hydroxy-
17,44,64-trideoxypalytoxin (Fig. 1) basing on NMR and HRMSn
evidence (Ciminiello et al., 2012a,b). Ovatoxin-b, -c, -d, -e, and -f
have not been isolated yet and only their LC–HRMS and MSn data
have been reported so far: they present elemental composition
similar to that of palytoxin, differing for just a few carbon,
hydrogen and/or oxygen atoms. Table 1 reports elemental
formulae (M) of palytoxin, ovatoxins and ostreocins together with
elemental composition of their relevant A and B moieties due to
fragmentation between C-8 and C-9 of the molecules (Fig. 1) which
represent a key spectral feature of all palytoxin-like molecules
(Ciminiello et al., 2011a).
In the Mediterranean area, O. cf. ovata has caused several toxic
outbreaks as recently reviewed by Mangialajo et al. (2011) while
Fig. 1. Structures of palytoxin, ovatoxin-a, ostreocin-d, and ostreocin-b.
Table 1
Elemental formulae of palytoxin, ovatoxins and ostreocins so far known and
elemental composition of A- and B- moieties of each compound resulting from the
favored fragmentation between C-8 and C-9 of the molecule.
Toxin M A moiety B moiety
Palytoxin C129H223N3O54 C16H28N2O6 C113H195NO48
Ovatoxin-a C129H223N3O52 C16H28N2O6 C113H195NO46
Ovatoxin-b C131H227N3O53 C18H32N2O7 C113H195NO46
Ovatoxin-c C131H227N3O54 C18H32N2O7 C113H195NO47
Ovatoxin-d C129H223N3O53 C16H28N2O6 C113H195NO47
Ovatoxin-e C129H223N3O53 C16H28N2O7 C113H195NO46
Ovatoxin-f C131H227N3O52 C16H28N2O6 C115H199NO46
Ostreocin-d C127H219N3O53 C15H26N2O6 C112H193NO47
Ostreocin-b C127H219N3O54 C15H26N2O6 C112H193NO48
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present	   the	  same	  A	  moiety.	  The	  structure	  of	  ovatoxin-­‐a	  was	  elucidated	   to	  be	  42-­‐hydroxy-­‐17,44,64-­‐trideoxy-­‐palytoxin	  by	  Ciminiello	  et	  al.,	  2012.	  	  	  
a)	  	   	  	  	  	  b)	   	  Figure	  25:	  Ostreopsis	  spp.	  	  PLTX	   has	   both	   lipophilic	   and	   hydrophilic	   regions	   and	   is	   referred	   to	   as	   a	   super-­‐carbon-­‐chain	  compound,	  since	  it	  has	  the	  longest	  chain	  of	  continuous	  carbon	  atoms	  in	  any	  known	  natural	  product.	   It	   is	  heat-­‐stable,	  not	   inactivated	  by	  boiling,	  and	   is	  stable	   in	   neutral	   aqueous	   solutions	   for	   prolonged	   periods,	   however	   a	   rapid	  decomposition	   occurs	   under	   acid	   or	   alkaline	   conditions,	   leading	   to	   loss	   of	   its	  toxicity	  (Katikou,	  2008).	  	  PLTX	  was	  originally	   isolated	  in	  Hawaii	   from	  the	  tropical	  soft	  coral	  Palythoa	  sp.,	  a	  zoanthid	  of	   the	  genera	  Palythoa,	  Protopalythoa	  and	  Zoanthus	   (Moore	  et	  al.,	  1971;	  Gleibs	  et	  al.	  1995;	  1999).	  	  This	   toxin	   was	   found	   in	   various	   systematic	   groups	   of	   marine	   organisms,	   in	  particular,	   in	  two	  species	  of	  crab	  Lophozozymus	  pictor	  and	  Demania	  toxica,	  in	  fish	  
Melichthys	   vidua,	   in	   sea	   anemone	   Radianthus	   macrodactylus,	   and	   in	   microalga	  
Ostreopsis	   siamensis,	   which	   implies	   its	   bacterial	   possible	   origin.	   It	   is	   known	   that	  some	  sea	  toxins,	  for	  example,	  tetrodotoxin	  and	  saxitoxin,	  are	  produced	  by	  bacterial	  symbionts	  with	  macroorganisms	  and	  accumulated	  in	  the	  host	  organs.	  Researchers	  from	   the	  University	   of	  Hawaii	  were	   first	   to	   confirm	   the	  bacterial	   biosynthesis	   of	  PLTX	  by	  isolating	  from	  coral	  P.	  toxica	  a	  Vibrio	  sp.	  strain	  producing	  a	  toxic	  fraction	  similar	   in	   UV	   spectrum	   to	   palytoxin.	   This	   bacterial	   culture,	   however,	   produced	  little	   toxin	   and	   even	   lost	   this	   ability	   after	   repeated	   inoculations	   (Frolova	   et	   al.,	  2000b).	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In	   1981,	   its	   unique	   chemical	   structure	   was	   elucidated	   independently	   by	   two	  groups	   while	   in	   1994	   it	   was	   fully	   synthesized	   for	   the	   first	   time.	   Since	   then,	  chemical	   structures	   of	   some	   of	   the	   analogues	   of	   PLTX	   were	   also	   achieved,	   e.g.,	  ostreocin	  (Ukena	  et	  al.,	  2001)	  and	  ovatoxin	  (Ciminiello	  et	  al.,	  2008).	  	  Although	  primarily	   found	  on	  Palythoa	  spp.,	  PLTX	  was	  also	  detected	   in	  organisms	  living	   in	   close	   association	   with	   the	   colonial	   zoanthids	   (Gleibs,	   1999).	   Moreover,	  PLTX	  and	  analogues	  were	  extracted	  from	  many	  other	  marine	  organisms	  including	  primary	   producers	   such	   as	   the	   red	   alga	   Chondria	   crispus	   and	   the	   benthic	  dinoflagellates	  Ostreopsis	  spp	  (Rossi	  et	  al.,	  2010).	  	  
a)	  	   	  	  	  	  b)	   	  Figure	  26:	  a)Paythoa	  toxica,	  b)	  Chondria	  crispus	  	  Despite	   the	   uncertainty	   about	   the	   true	   origin	   for	   the	   production	   of	   these	  compounds,	   Palythoa	   and	   Ostreopsis	   spp.	   are	   recognized	   as	   producers,	   and	  represent	  the	  major	  known	  sources	  for	  these	  toxins.	  However,	  possible	  new	  routes	  of	   exposure	   must	   be	   taken	   into	   account,	   such	   as	   Palythoa	   corals	   present	   in	  aquariums.	  	  	  Ostreopsis	   species	   are	   benthic	   dinoflagellates	   generally	   recorded	   in	   tropical	   and	  subtropical	  seas,	  but	  the	  worldwide	  occurrence	  of	  this	  genus	  increased	  markedly	  in	  the	  last	  decade	  and	  this	  trend	  is	  likely	  to	  continue	  (Rhodes,	  2011).	  In	  particular,	  during	   the	   last	  15	  years,	  Ostreopsis	  cf.	  ovata	   and/or	  Ostreopsis	  cf.	   siamensis	  were	  found	  in	  high	  concentrations	  during	  the	  summer	  in	  temperate	  regions	  such	  as	  New	  Zealand	  (Chang	  et	  al.,	  2000;	  Shears	  et	  al.,	  2009)	  and	  the	  Mediterranean	  Sea	  (Vila	  et	  al.,	   2001;	   Penna	   et	   al.,	   2005;	   Mangialajo	   et	   al.,	   2008;	   Totti	   et	   al.,	   2010);	   high	  concentrations	  of	  Ostreopsis	  were	  also	  observed	  in	  the	  waters	  of	  Japan,	  witnessed	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by	   the	   presence	   of	   a	   considerable	   number	   of	   microalgae	   cells	   in	   parrotfishes	  (Taniyama	  et	  al.,	  2002),	  and	  of	  Russia	  (Selina	  et	  al.,	  2010).	  Now	   it	   has	   been	   clarified	   that	  Ostreopsis	   species	   produce	   palytoxin	   (PLTX)	   and	  analogues	  and	  a	  number	  of	  deaths	  directly	  associated	  with	  the	   ingestion	  of	  PLTX	  contaminated	   seafood,	   i.e.	   crustaceans	   or	   fish	   (Taniyama	   et	   al.,	   2003),	   were	  reported	  (Mangialajo	  et	  al.,	  2011).	  Therefore,	  from	  the	  management	  perspective,	  the	  Ostreopsis	  bloom	  phenomenon	  is	  complex	   and	   shows	   several	   intermingled	   facets,	   from	   human	   intoxication	   to	  potential	  ecosystemic	  modifications	  and	   loss	  of	   resources.	  While	   intoxications	  by	  inhalation	   seem	   to	   be	   mostly	   linked	   to	   the	   cell	   concentrations	   in	   the	   water	  (planktonic	  cells),	  the	  irritations	  by	  contact	  may	  be	  mostly	  linked	  to	  the	  abundance	  of	  benthic	  cells;	  nevertheless	  planktonic	  cells	  may	  be	  involved	  as	  well,	  for	  example	  in	   conjunctivitis.	   The	   mass	   mortalities	   are	   potentially	   linked	   to	   both	   planktonic	  (via	  the	  filter-­‐feeders)	  and	  benthic	  (via	  herbivores)	  cells.	  	  
1.4.3.2.	  TOXICOLOGY	  PLTX	  is	  considered	  to	  be	  one	  of	  the	  most	  potent	  marine	  compounds	  because	  of	  its	  extremely	   high	   toxicity.	   The	   risk	   imposed	   by	   palytoxin	   and	   ovatoxins	   and	   their	  producing	  organisms	  on	  humans	  and	  animals	   is	  high	  and	   largely	  underestimated	  (Deeds,	  2010).	  	  Toxic	   outbreaks	   by	  Ostreopsis	  spp.	   occurring	   since	   the	   beginning	   of	   this	   century	  represent	  a	  completely	  new	  problem,	  affecting	  mainly	  the	  Mediterranean	  Sea.	  Since	  the	  appearance	  of	  toxic	  Ostreopsis	  spp.	  blooms,	  efforts	  have	  been	  focused	  on	  understanding	  the	  frame	  of	  environmental	  conditions	  that	  favor	  the	  onset	  and	  the	  development	  of	  this	  benthic	  dinoflagellate	  and	  its	  consequences	  on	  the	  ecosystem.	  Therefore,	   many	   studies	   either	   ecological	   or	   related	   to	   toxicity	   have	   been	  undertaken.	  Ostreopsis	  bloom	   development	   and	   toxic	   effects	   showed	   differences	  among	  the	  coastal	  areas	  (Pistocchi	  et	  al.	  2012)	  	  Palytoxin	   is	   the	   most	   potent	   nonprotein	   toxin	   known.	   It	   acts	   primarily	   on	   the	  Na+/K	  +-­‐ATPase	  channel	  and	  clinical	  symptoms	  range	  from	  violent	  contractions	  of	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all	  muscle	   types,	   sperm	   immobility,	   to	   haemorrhagic	   and	   ultimately	   fatal	   effects	  (Ramos	  et	  al.,	  2010).	  
	  Filter-­‐feeding	   invertebrates	   are	   organisms	   in	   which	   PLTX	   or	   analogues	  accumulation	   is	   a	   well-­‐known	   phenomenon,	   especially	   during	   harmful	   algal	  blooms.	   Mussels,	   cockles,	   oysters,	   and	   scallops	   feed	   on	   toxic	   dinoflagellates,	  transferring	   them	  from	  the	  gills	   to	  digestive	  organs	  where	   the	   toxins	  accumulate	  (Rhodes	  et	  al.,	  2002).	  	  PLTX	  sequestration	  is	  also	  observed	  in	  sponges	  and	  mussels	  living	  near	  or	  among	  zoanthid	   colonies,	  which	  often	  exhibit	  higher	  PLTX	  concentrations	   than	  Palythoa	  spp.	  	  It	  was	   showed	   that	   some	   shellfish	   are	   able	   to	  depurate	   the	   toxins	   at	   fairly	   rapid	  rates,	   while	   others	   can	   retain	   the	   toxins	   in	   its	   active	   form	   for	   months	   while	  continuing	   to	   bioaccumulate	   (Gleibs	   et	   al.,	   1999).	   Moreover,	   the	   mode	   of	  accumulation	  can	  also	  differ	  in	  different	  bivalves.	  	  Symptoms	   of	   the	   human	   intoxication	   due	   to	   ingestion	   of	   PLTXs	   through	  contaminated	   seafood	   include,	   myalgia,	   ataxia,	   muscle	   weakness,	   ventricular	  fibrillation,	  respiratory	  distress	  and,	  sometimes,	  death.	  	  
1.4.3.3.	  ECOLOGY	  AND	  DISTRIBUTION	  	  Toxin	   distribution,	   source	   organisms,	   and	   routes	   of	   exposure	   of	   PLTX	   and	   its	  analogues	  are	   interrelated	  aspects	   that	   represent	   the	  main	  concern	   in	   respect	   to	  marine	  ecosystems	  and	  to	  human	  health	  issues.	  	  Since	  its	  discovery,	  PLTX	  has	  been	  repeatedly	  documented	  in	  tropical	  Indo-­‐Pacific	  seawaters,	  not	  only	  on	  the	  soft	  coral	  Palythoa	  spp.	  (Moore	  et	  al.,	  1971),	  but	  also	  in	  organisms	  associated	  to	  these	  zoanthid	  colonies	  (Gleibs	  et	  al.,	  1999).	  Later,	  it	  was	  found	   that	   several	   species	   from	   the	   benthic	   dinoflagellates	   genus	  Ostreopsis	  also	  presents	  PLTX-­‐like	  compounds.	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  Figure	  27:	  Global	  occurrence	  of	  Ostreopisis	  spp	  (Rhodes,	  2011)	  	  	  Moreover,	  Ostreopsis	  spp.	  are	  now	  a	  global	  concern	  since	  it	  can	  represent	  threats	  to	   human	   health	  when	   they	   develop	   and	   become	   prevalent	   (Deeds	   et	   al.,	   2009).	  Actually,	   while	   the	   presence	   of	   Ostreopsis	   spp.	   in	   tropical	   waters	   is	   well	  documented	   since	   the	   1980s,	   the	   number	   of	   studies	   of	   these	   benthic	  dinoflagellates	   in	   temperate	   regions	   has	   increased	   substantially	   in	   the	   last	   few	  years.	   These	   PLTX-­‐like	   producing	   microorganisms	   have	   been	   described	   for	   the	  China	  Sea	  (Fukuyo,	  1981),	  Pacific	  Ocean	  (Rhodes	  et	  al.,	  2002),	  Indic	  Ocean	  (Lenoir	  et	  al.,	  2004),	  Atlantic	  Ocean	  (Riobó	  et	  al.,	  2006),	  Gulf	  of	  Mexico	   (Ballantine	  et	  al.,	  1988)	  and	  Mediterranean	  Sea	  (Ciminiello	  et	  al.,	  2006;	  Simoni	  et	  al.,	  2004).	  	  	  The	  expand	  of	  toxin-­‐producing	  Ostreopsis	  spp.	  to	  temperate	  regions	  may	  be	  due	  in	  part	   to	   ballast	  water	   of	   ships	   and	   also	   to	   general	   changes	   in	   climate	   conditions,	  enough	   to	   induce	   bloom	   formation.	   Findings	   from	   different	   studies	   show	   that	  blooms	  are	  likely	  to	  be	  ephemeral	  and	  strongly	  related	  to	  seasonal	  patterns	  and	  to	  wave	  action	  (Shears,	  2010).	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The	  presence	  of	  Ostreopsis	  blooms	  in	  the	  Mediterranean	  sea	  have	  been	  related	  to	  human	   intoxications	   by	   aerosol	   exposition,	   like	   in	   the	   famous	   case	   of	   Genoa	   in	  2005,	   and	   it	   was	   already	   reported	   as	   responsible	   for	   several	   outbreaks	   of	  respiratory	   symptoms	   in	   Spain.	   In	   these	   countries,	   as	   well	   as	   in	   Portugal,	   this	  group	  of	  toxins	  is	  considered	  as	  emerging	  toxin.	  	  In	   contrast	   to	  what	   occurs	   in	   other	   components	   of	   the	  microphytobenthos	   (e.g.,	  diatoms,	   cyanobacteria),	   the	   mats	   formed	   are	   lightly	   attached	   to	   the	   substrata	  (Accoroni	   et	   al.,	   2011),	   so	   they	   are	   easily	   resuspended	   in	   the	   water	   column	   by	  waves	  and	  mechanical	  action.	  This	  helps	   to	  cells	  dispersion,	  which	  may	  establish	  and	  develop	  in	  other	  areas	  when	  the	  conditions	  are	  favorable.	  	  
1.4.3.4.	  MECHANISM	  OF	  ACTION	  The	  postulated	  mechanism	  of	  action	  of	  palytoxin	  is	  to	  bind	  to	  the	  mammalian	  Na-­‐K-­‐ATPase	  (or	  sodium	  pump)	  and	  convert	  this	  enzyme	  into	  an	  open	  channel.	  Recent	  evidences	  indicate	  that	  the	  Na-­‐K-­‐ATPase	  may	  not	  be	  the	  only	  target	  of	  the	  toxin.	  	  The	   Na-­‐K-­‐ATPase	   or	   sodium	   pump	   is	   a	   transmembrane	   protein	   that	   transport	  three	  Na+	  out	  of	  the	  cell	  and	  two	  K+	  in,	  using	  ATP	  hydrolysis	  as	  the	  driving	  force.	  The	   electrochemical	   gradient	   produced	   is	   essential	   for	   the	   maintenance	   of	   cell	  homeostasis.	   The	   sodium	   pump	   is	   composed	   by	   two	   subunits	  α	   and	   β	   and	   it	   is	  specifically	   inhibited	  by	   a	   series	   of	   naturally	   occurring	   steroids,	   such	   as	   ouabain	  (Hansen,	  1984).	  In	   the	   presence	   of	   ATP	   and	   Na+,	   the	   enzyme	   occludes	   Na+	   ions.	   When	   Na+	   is	  released	   to	   the	  extracellular	  space,	  K+	  binds	   to	  extracellular	  sites.	  After	   this	  step,	  the	   enzyme	   becomes	   dephosphorylated	   and	   K+	   occluded	   within	   the	   protein.	  Finally,	  high	  concentrations	  of	  ATP	  lead	  to	  deocclusion	  and	  release	  of	  K+	   into	  the	  cytosol.	   Failure	   of	   sodium	   pump	   raises	   the	   intracellular	   Na+,	   which	   in	   turn	  increases	  the	  intracellular	  Ca+	  concentration.	  The	   first	  direct	   evidence	   indicating	   that	   the	  Na-­‐K-­‐ATPase	   could	  be	  necessary	   for	  palytoxin	   action	   came	   from	   the	   work	   of	   Anner	   and	   Moosmayer	   (1994),	   who	  showed	  that	  when	  the	  enzyme	  is	  incorporated	  into	  liposomes,	  ouabain	  prevented	  the	   palytoxin	   induced	   K+	   efflux	  when	   the	   enzyme	  was	   ouabain	   sensitive	   (rabbit	  kidney)	  but	  not	  when	  the	  enzyme	  was	  ouabain	  resistant	  (rat	  kidney).	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  Figure	  28:	  Palytoxin	  mechanism	  of	  action	  	  A	  second	  and	  independent	  action	  of	  palytoxin	  is	  to	  open	  a	  membrane	  conductive	  pathway	   for	   H+	   that	   causes	   H+	   influx	   inside	   the	   cell	   and	   secondarily	   activates	  Na+/H+	  exchange	  activity.	  	  	  A	  third	  action	  of	  palytoxin	  over	  cardiomyocytes	  can	  be	  to	  raise	  [Ca2+]	  in	  a	  manner	  independent	  of	  its	  depolarizing	  action	  or	  of	  its	  action	  o	  intracellular	  pH.	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Thus, there is no sign of any of the millions of
NaC,KC-ATPase pumps acting as an ion channel (i.e.
signalling a failure in communication between the two
gates, which allows both to be open at the same time)
since then inward current would be expected at high
extracellular [NaC] or [KC] and large inside-negative
potentials. Even if the NaC/KC transport cycle is
arrested by the withdrawal of all KC, so restricting the
pump to conformations that interact with NaC (red
dashed box, figure 2a), the pump-generated com-
ponent of steady membrane current simply falls to zero,
and remains zero at all membrane potentials (Nakao &
Gadsby 1986; Gadsby & Nakao 1989). Again, there is
no sign of even fleeting open-channel behaviour giving
rise to electrodiffusive ion current.
Interestingly, under the even more restrictive
conditions of saturating [ATP] and zero [ADP] which
limit pumps to phosphorylated states in which the
cytoplasmic gate remains shut (green dashed box,
figure 2a), sudden jumps of membrane potential do
elicit pump-generated currents, but those currents
instantaneously rise to a maximum and then rapidly
decay back to zero (Nakao & Gadsby 1986; Hilgemann
1994; Holmgren et al. 2000). These pump-mediated
currents reach a steady-state value of zero regardless of
the membrane potential, and so again rule out open ion
channel-like conformations. However, a reasonable
interpretation of these transient currents, which relax
in three distinct phases (Holmgren et al. 2000), is that
they reflect movements of NaC ions in and out of an ion
channel that is closed at one end (e.g. La¨uger 1991),
i.e. the E2P conformation of the NaC,KC-ATPase
pump that normally releases, but that can also rebind,
NaC ions (figure 2a, top left). That single state in
the cartoon in reality represents four states, with zero,
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(a) alternating gate model of Na,K-ATPase pump transport cycle
palytoxin–pump interaction(b)
Figure 2. (a) Alternating-gate model of the Post–Albers (Post et al. 1965; Albers 1967) transport cycle of the NaC,KC-ATPase
pump represented in cartoon form as an ion channel with two gates, an extracellular-side (labelled out) gate (red) and
cytoplasmic-side (in) gate (blue), that open alternately, but are never simultaneously open. Also indicated are E2 (upper row;
extracellular-side gate may open) and E1 (lower row; cytoplasmic-side gate may open) states. Occluded states, with both gates
shut, follow binding of two external KC (top right) and of three internal NaC and subsequent phosphorylation (bottom left).
ATP acts with low affinity to speed up the opening of the cytoplasmic-side gate and concomitant KC deocclusion, and acts with
high affinity to phosphorylate the pump. The states enclosed by the red dashed box are occupied in the presence of ATP and
NaC ions, but in the absence of KC ions. The states within the green dashed box are occupied in the presence of ATP and NaC
ions, but in the absence of ADP and KC ions, and yield voltage-jump-induced charge movements, associated with deocclusion
and release to the exterior of the three transported NaC ions (Holmgren et al. 2000). (b) Cartoon of channel-like NaC,KC pump
with bound palytoxin (PTX; green ball), which allows the pump’s two gates sometimes to be open at the same time. (Modified
from Artigas & Gadsby 2003.)
Review. Single-channel recording in an ATPase ion pump D. C. Gadsby et al. 231
Phil. Trans. R. Soc. B (2009)
 on March 25, 2013rstb.royalsocietypublishing.orgDownloaded from 
	  Figure	  29:	  Na+-­‐K+-­‐ATPase	  pump	  (Gadsby	  et	  al.,	  2009)	  	  All	   these	   observations	   led	   to	   Frelin	   t 	   suggest	   th t	   palytoxin	   probably	   has	  more	  tha 	  one	  site	  of	  action	  in	  excitable	  cells	  and	  t at	  it	  may	  act	  as	  an	  a tagonist	  for	  a	  family	  of	  low-­‐conductance	  channels	  that	  conduct	  Na+/K+,	  H+	  and	  Ca2+	  ions	  (Frelin,	  1995).	  	  
1.4.3.5.	  ANALYTICAL	  METHODS	  (State	  of	  Art)	  Currently,	  there	  is	  no	  legislation	  either	  at	  European	  or	  world	  level,	  regarding	  to	  the	  amount	   allowable	   of	   palytoxin	   in	   edible	   olluscs.	   During	   the	   Meeting	   of	   the	  European	  Community	  Reference	  Laboratories	   for	  algal	  biotoxins	   in	  Cesenatico	   in	  October	  2005,	   it	  was	  proposed	  a	  provisional	   limit	  of	  250	  mg/kg	  of	  mollusc	  meat	  (Community	  Reference	  Laboratories	  for	  Marine	  Biotoxins,	  2005).	  	  In	  order	   to	  avoid,	   for	  a	  60	  kg	  adult,	   to	  overcome	   the	  acute	   reference	  dose	  of	  0.2	  µg/kg	  of	  body	  weight,	  a	  portion	  of	  400	  g	  of	  mollusc	  and	  crustaceans	  flesh,	  must	  not	  contain	  more	  than	  12	  µg	  of	  PLTX	  and/or	  ostreocin-­‐D,	  corresponding	  to	  30	  mg/kg	  
of	  shellfish	  flesh.	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However,	   these	  data	   indicate	   that	   the	  consumption	  of	  a	   large	  portion	  of	  400	  g	  of	  shellfish	   meat	   (e.g.	   mussels)	   collected	   from	   contaminated	   regions,	   in	   the	   worst	  case,	  could	  lead	  to	  a	  dietary	  exposure	  of	  about	  0.2	  µg	  of	  the	  sum	  of	  palytoxin	  and	  ovatoxin-­‐a/kg	  body	  weight	  for	  a	  60	  kg	  person	  (EFSA,	  2009).	  	  Therefore,	   methods	   are	   needed	   in	   sensitive	   and	   highly	   specific	   not	   only	   for	   the	  detection	  and	  identification	  of	  palytoxin	  and	  palytoxin-­‐like	  compounds	  compared	  to	   other	   marine	   toxins,	   but	   also	   for	   monitoring	   the	   toxin	   during	   the	   process	   of	  purification	   from	   its	  origins.	   In	   this	   sense,	  methods	  have	  been	  developed	   for	   the	  quantification	  of	  the	  toxin	  in	  purified	  samples	  or	  biological	  extracts.	  	  	  	  Detection	  and	  quantitation	  of	  palytoxin	  in	  biological	  samples	  can	  be	  accomplished	  by	  both	  analytical	  means	  and	  biological	  assays	  (EFSA,	  2009).	  However,	   it	   is	  often	  necessary	   to	  use	  a	  combination	  of	  methods	   to	  confirm	   the	  presence	  of	   the	   toxin.	  The	  simplest	  way	  to	  detect	  palytoxin	  is	  the	  animal	  toxicity	  assay,	  which	  consist	  in	  injecting	   a	   contaminated	   sample	   intra-­‐peritoneally	   into	   a	  mouse	   and	  measuring	  the	  death	  time	  (Yasumoto	  et	  al.,	  1978).	  Although	   the	   mouse	   responds	   to	   the	   injected	   palytoxin	   by	   exhibiting	   several	  characteristic	  symptoms	  prior	  the	  death	  (Riobó	  et	  al.,	  2008),	  the	  mouse	  bioassay	  is	  not	  able	  to	  unequivocally	  individuate	  the	  nature	  of	  the	  causative	  agent.	  	  	  In	   addition,	   there	   are	   ethical	   arguments	   against	   the	   continued	   use	   of	   this	   live	  animal	   assay	   and	   European	   Commission	   has	   indicated	   the	   need	   for	   all	   the	  reference	   laboratories	   for	   food	   control	   to	   develop	   alternative	  methods	   to	  mouse	  bioassay	  for	  detecting	  of	  marine	  toxins	  (Note	  Prot.	  DGSAN/3/I.B.d.R./27,210/P	  of	  September	  18th	  2009).	  	  Animal	  models	  for	  toxin	  detection	  were	  tested,	  but	  largely	  the	  analyses	  are	  based	  on	   chemical	  methods	   such	   as	   combinations	   of	   liquid	   chromatography	   and	  mass	  spectrometry	  (LC-­‐MS)	  (Ciminiello	  et	  al.,	  2011).	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Identification	  of	  palytoxin	  and	  its	  analogues	  in	  plankton	  basing	  on	  LC-­‐MS	  methods	  has	   been	   carried	   out	   by	   several	  Authors	   (Lenoir	   et	   al.,	   2004;	   Penna	   et	   al.,	   2005;	  Riobó	   et	   al.,	   2006;	   Ciminiello	   et	   al.,	   2006;	   2008;	   2011).	  Mass	   spectrometry	   is	   an	  analytical	   technique,	   which	   has	   allowed	   to	   measure	   the	   molecular	   mass	   of	  palytoxin	   and	   to	   determine	   the	   exact	   structural	   formula,	   distinguishing	   it	   from	  palytoxin-­‐like	  compounds.	  	  	  Lenoir	   et	   al.	   (2004)	   developed	   an	   LC-­‐MS	  method	   for	   determination	   of	   palytoxin	  and	   mascarenotoxins	   on	   ESI	   QTOF	   MS	   instrument	   by	   using	   hypersyl	   ODS	   C18	  column	  eluted	  with	  a	  mixture	  of	  water	  acidified	  to	  pH	  2.5	  with	  trifluoroacetic	  acid	  and	   pure	   acetonitrile.	   Toxin	   detection	   was	   accomplished	   in	   Multiple	   Reaction	  Monitoring	   (MRM)	   mode	   by	   selecting	   different	   transitions	   for	   palytoxin	   and	  mascarenotoxins.	  	  The	  method	  was	   used	   to	   analyse	   an	  O.	  mascarenesis	   extract	   but	   no	   quantitative	  results	  were	  provided.	  	  	  Riobó	  et	  al.	  (2006)	  compared	  performance	  of	  LC-­‐FLD	  versus	  LC-­‐MS/MS,	  and	  found	  limits	  of	  detection	  significantly	  higher	  for	  the	  latter	  technique;	  likely	  this	  was	  due	  to	  instrumental	  limitations	  when	  using	  an	  ion	  trap	  system	  in	  MS/MS	  mode	  over	  a	  broad	  mass	  range.	  	  	  An	  LC-­‐MS/MS	  method	   for	  determination	  of	  palytoxin	  was	  developed	  Ciminiello’s	  group	  on	  a	  triple	  quadrupole	  MS	  (API	  2000,	  Applied	  Biosystems)	  which	  disclosed	  the	   presence	   of	   putative	   palytoxin	   and	   ovatoxin-­‐a	   in	  O.	   ovata	   samples	   collected	  during	  the	  Genoa	  2005	  and	  2006	  toxic	  outbreak	  (Ciminiello	  et	  al.,	  2006,	  2008).	  The	  method	  was	  also	  used	  to	  determine	  palytoxin	  profile	  of	  P.	  toxica	  and	  P.	  tuberculosa	  (Ciminiello	  et	  al.,	  2009).	  In	  contrast	  to	  spectroscopic	  techniques,	  it	  is	  a	  destructive	  method	  of	  analysis	  (the	  molecule	  does	  not	  remains	  intact	  after	  analysis),	  and	  especially	  it	   is	  not	  based	  on	  the	  interaction	  between	  radiation	  and	  matter.	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The	   molecule	   of	   palytoxin,	   in	   order	   to	   be	   observed	   and	   measured	   in	   its	   mass	  properties,	  must	  be	  first	  volatilized	  and	  ionized;	  to	  obtain	  a	  mass	  spectrum,	  in	  fact,	  the	  essential	  requirement	  is	  to	  produce	  ions	  gas	  phase.	  These	  are	  accelerated	  until	  reaching	   a	   certain	   speed	   by	   an	   electric	   field,	   then	   screened	   in	   a	   mass	   analyser,	  which	  separates	  entities	  of	  different	  masses.	  	  The	  resulting	  ions	  are	  then	  separated	  according	  to	  their	  mass/charge	  ratio	  (m/z)	  into	  the	  analyser	  and	  revealed	  through	  different	  methods	  Full-­‐SCAN,	  SIM	  (Selected	  Ion	   Monitoring)	   and	   MRM	   (Multiple	   Reaction	   Monitoring),	   obtaining	   the	  corresponding	  chromatograms.	  	  The	   mass	   spectrometry	   profile	   of	   this	   molecule	   shows	   loss	   of	   water	   molecules	  which	  is	  justified	  by	  the	  high	  number	  of	  hydroxyl	  groups	  present	  in	  the	  molecule.	  Moreover,	  many	  analogues	  in	  a	  break	  occur	  between	  carbons	  8	  and	  9	  of	  the	  toxin	  molecule	   with	   the	   additional	   loss	   of	   a	   water	   molecule	   fragment	   generating	   a	  characteristic	  m/z	  327	  (Uemura	  et	  al.,	  1985).	  	  In	  recent	  years,	  instrumental	  advances	  in	  liquid	  chromatography	  coupled	  to	  mass	  spectrometry	   have	   provided	   enhanced	   sensitivity	   and	   selectivity	   by	   measuring	  accurate	  masses	  or	  a	  series	  of	  fragment	  ions	  according	  to	  characteristic	  patterns.	  The	   introduction	   of	   tandem	   mass	   spectrometry	   MS/MS	   has	   proved	   to	   be	   an	  extremely	  useful	   tool	   for	   the	  qualitative	  and	  quantitative	  determination	  of	   toxins	  in	  complex	  matrices,	  and	  in	  particular	  of	  palytoxin	  in	  phytoplankton,	  mussels	  and	  sea	  water	  (Ciminiello	  et	  al.,	  2006,	  2008;	  Guerrini	  et	  al.,	  2009).	  The	  LC-­‐MS/MS	  essentially	  consists	   in	   the	  use	  of	   two	  analysers	  arranged	   in	  serie,	  usually	   with	   triple	   quadruple	   and	   ion	   trap,	   in	   which	   firstable	   is	   selected	   the	  appropriate	   molecular	   ion,	   “it	   is	   made	   to	   crash”	   with	   a	   collision	   gas	   and	   the	  fragments	  of	  dissociation	  of	  the	  molecular	  ion	  are	  analysed	  in	  the	  second	  analyser.	  	  In	   the	  mass	   spectra	  with	   SIM	  mode	   the	   intensity	   of	   the	   ions,	   pre-­‐selected	   in	   the	  analyser	  according	  to	  the	  ratio	  m/z	  chosen,	  are	  continuously	  recorded	  according	  to	  the	  time.	  	  The	   experiments	   with	   methods	   of	   data	   acquisition	   are	   carried	   out	   by	   selecting	  MRM	  transitions	  corresponding	  to	  the	  tendency	  of	  fragmentation	  of	  palytoxin.	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The	  experiments	  conducted	  in	  Full-­‐SCAN	  mode	  provide	  instead	  the	  chromatogram	  of	  the	  whole	  ion	  current	  (all	  masses)	  as	  a	  function	  of	  retention	  time.	  	  Although	   the	   LC-­‐MS/MS	   is	   currently	   the	   most	   used	   confirmation	   method	   in	  analysis	   laboratories	   for	   the	   quantification	   and	   the	   determination	   of	   PLTXs	   in	  shellfish,	  nowadays	  have	  not	  yet	  been	  carried	  out	  validation	  studies	  on	  it.	  	  	  Mass	  spectrometry	  is	  being	  used	  in	  the	  field	  of	  marine	  toxins,	  particularly	  for	  PLTX	  group	   compounds.	   In	   recent	   years,	   instrumental	   advances	   in	   liquid	  chromatography	   coupled	   to	   mass	   spectrometry	   have	   provided	   enhanced	  sensitivity	   and	   selectivity	   by	  measuring	   accurate	  masses	   or	   a	   series	   of	   fragment	  ions	  according	  to	  characteristic	  patterns.	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  Figure	  30:	  Agilent	  LC-­‐MS/MS	  equipment	  	  LC-­‐MS/MS	  has	  been	  used	   for	   the	  analysis	  of	  PLTX.	  The	   first	   step	  was	   focused	  on	  the	   method	   development	   and	   further	   optimization	   of	   the	   chromatographic	   and	  mass	  spectrometric	  conditions.	  Chromatographic	  and	  mass	  spectrometry	  parameters	  were	  optimized	   in	  order	  to	  achieve	   high	   sensitivity	   and	   selectivity	   for	   the	   determination	   of	   these	   emerging	  toxins,	  as	  I	  will	  explain	  below.	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Alternative	   assays	   take	   advantage	   of	   PLTX	   functional	   properties	   and	   include	   in	  
vitro	  cytotoxicity	  and	  delayed	  haemolysis	  assays.	  	  Palytoxin	   is	   known	   to	   cause	   contracture	   of	   both	   smooth	   and	   skeletal	   muscle.	  Cardiac	  failure	  has	  tentatively	  been	  ascribed	  to	  a	  pronounced	  vasoconstriction	  of	  the	   coronary	   vessels	   (Weidmann,	   1977).	   In	   the	   hearth,	   palytoxin	   leads	   to	  myocardial	   ischemia,	   ventricular	   fibrillation	   and	   this	   cardiac	   failure.	   In	   the	   same	  way,	  PLTX	  is	  known	  to	  depolarize	  the	  cell	  membrane	  of	  various	  excitable	  tissues,	  as	  was	  explained	  before	  in	  the	  mechanism	  of	  action	  of	  the	  toxin.	  	  Some	  years	   ago	   and	   after	   several	   toxicological	   studies,	   it	  was	   suggested	   that	   the	  toxicity	   of	   PLTX	   was	   due	   to	   its	   action	   on	   the	   cardiovascular	   system	   (Ito	   et	   al.,	  1982).	   Furthermore,	   even	   it	  was	  proposed	  a	   “vicious	   cycle	  develops”	   as	  possible	  reaction:	   decreased	   coronary	   flow,	   depressed	   cardiac	   function	   and	   systemic	  hypotension	  form	  a	  positive	  feedback	  loop	  which	  results	  in	  shock-­‐like	  circulatory	  collapse	  and	  acute	  death,	  after	  a	  large	  PLTX	  administration.	  	  In	  1990,	  Frelin	  et	  al.	  ensured	  that	  PLTX	  has	  a	  diversity	  of	  actions	  in	  cardiac	  cells.	  It	  increases	   the	   membrane	   permeability	   to	   Na+,	   produces	   a	   depolarization	   and	  increases	  [Ca2+].	  They	  asked	  themselves	  whether	  these	  actions	  are	  independent	  of	  each	  other	  or	  whether	  they	  are	  consequences	  of	  a	  primary	  action.	  Habermann	   in	   1989	   had	   ensured,	   on	   basis	   of	   detailed	   investigations	   in	  erythrocytes	   that	   the	  primary	  action	  of	  PLTX	   is	   to	  bind	   to	   the	  Na+/K+-­‐ATPase.	   It	  would	  then	  convert	  the	  enzyme	  into	  an	  open	  channel	  permeable	  to	  Na+	  and	  K+.	  The	  resulting	  depolarization	  was	  proposed	  to	  open	  voltage-­‐dependent	  Ca2+	  channels	  in	  excitable	  cells	  to	  increase	  [Ca2+]	  into	  the	  cell.	  	  Partial	  evidence	  for	  such	  a	  mechanism	  is	  that	  PLTX	  opens	  a	  nonselective	  channel	  that	  is	  permeable	  to	  Na+	  and	  K+,	  but	  not	  to	  Ca2+,	  in	  cardiomyocytes	  from	  rat	  (Ikeda	  et	  al.,	  1988).	  	  In	  general,	  at	  cellular	  level,	  the	  toxin	  causes	  Na+	  influx	  and	  K+	  efflux,	  accompanied	  by	   depolarization,	   in	   all	   mammalian	   cell	   types	   studied.	   Cardiac	   glycosides	  (cymarin,	  ouabain	  and	  digitoxin),	   specific	   inhibitors	  of	   the	  Na+/K+-­‐ATPase	  pump,	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can	   partially	   or	   fully	   antagonize	   the	   actions	   of	   palytoxin,	   pointing	   to	   the	  Na+/K+	  pump	  as	  the	  molecular	  target	  of	  the	  toxin	  (Habermann,	  1989).	  Kockskämper	  et	  al.	  in	  2004	  demostrated	  that	  in	  mammalian	  ventricular	  myocytes,	  palytoxin	   induces	  opening	  of	  nonselective	  cation	  channels	  permeable	   to	  Na+	  and	  K+	  by	  converting	   the	  Na+/K+	  pump	   into	  a	  channel,	  as	   it	  was	  explained	  before	   in	  the	  “Mechanism	  of	  Action”	  of	  the	  PLTX.	  	  	  3-­‐(4,5-­‐Dimethylthiazole-­‐2-­‐yl)-­‐2,5-­‐biphenyl	   tetrazolium	   bromide	   (MTT)	   and	  sulforhodamine	  B	   (SRB)	   tests	  were	  carried	  out	   to	  determine	  palytoxin	  effects	  on	  cardiomyocytes	  viability.	  	  	  Palytoxin	  has	  the	  ability	  to	  induce	  the	  lysis	  of	  the	  erythrocytes.	  The	  palytoxin,	  not	  directly	   destroys	   the	   integrity	   of	   the	   plasma	   membrane,	   but	   interacts	   with	   the	  pump	  Na+/K+-­‐ATPase	   converting	   it	   in	   a	   cation	   channel	   aspecific	   and	   causing	   the	  osmotic	  lysis	  of	  the	  cell	  (Habermann	  et	  al.,	  1981).	  The	  effects	  of	  PLTX	  erythrocytes	  were	  studied	  in	  the	  80s,	  but	  it	  was	  in	  1993	  when	  it	  has	  been	  exploited	  for	  the	  first	  time	   to	   detect	   the	   palytoxin	   (Bignami,	   1993	   and	   after	  modified	   by	  Onuma	   et	   al.,	  1999).	  Although	  the	  profile	  of	   the	   toxin	   is	  not	  defined	  with	  absolute	  certainty	  and	  there	  may	   be	   interference	   from	   other	   haemolytic	   compounds,	   especially	   in	   marine	  biological	   samples,	   the	   haemolytic	   assay	   constitutes	   a	   valid	   comparison	   and	  confirmation	   method	   for	   the	   identification	   of	   palytoxin-­‐like	   compounds,	   to	  accompany	  the	  chemical-­‐analytical	  methods.	  	  The	  sensitivity	  of	  the	  erythrocytes	  to	  PLTX	  is	  species-­‐specific	  since	  it	  depends	  on	  the	  concentration	  of	  intracellular	  K+.	  Erythrocytes	  containing	  K+	  as	  the	  main	  cation	  in	  the	   intracellular	   level	  are	  more	  sensitive	  to	  the	  haemolytic	  effect	  of	  PLTX	  than	  erythrocytes	  with	  Na+	  at	  the	  intracellular	  level.	  	  The	  different	  animal	  erythrocytes	  are	  affected	  in	  different	  way.	  The	  erythrocytes	  of	  sheep	  and	  bovine	  contain	  into	  them	  Na+	  as	  main	  cation	  while	  those	  of	  chicken	  are	  practically	  insensitive	  to	  haemolysis	  by	  PLTX	  (Habermann	  et	  al.,	  1981).	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While	   the	   addition	   of	   K+	   and/or	   Rb+	   inhibits	   the	   actions	   of	   PLTX,	   the	   divalent	  cations	  (Ca2+	  >	  Sr2+	  >	  Ba2+	  >>	  Mg)	  and	  borates	  increase	  the	  haemolytic	  activity	  of	  palytoxin	   favouring	   the	   binding	   of	   the	   toxin	   to	   the	   receptor	  membrane	   (Ahnert-­‐Hilger	  et	  al.,	  1982;	  Habermann	  et	  al.,	  1989a).	  	  According	   to	   a	   study,	   comparing	   instead	   the	   power	   of	   palytoxin	   in	   the	   presence	  and	  in	  the	  absence	  of	  Ca2+	  in	  four	  species	  of	  erythrocytes,	  the	  Ca2+	  moves	  the	  EC50	  of	  palytoxin	  at	  concentrations	  up	  to	  tenfold	  lower,	  and	  the	  toxin	  is	  still	  active	  even	  in	  complete	  absence	  of	  divalent	  cations	  (Habermann	  et	  al.,	  1989b).	  	  Methods	   based	   on	   the	   haemolytic	   effect	   depend	   on	   the	   same	  molecular	   or	   toxic	  architecture	  as	   in	   the	  case	  of	  neural	   failure	   in	  mice.	  Haemolysis	  due	   to	  palytoxin	  produces	   degenerate	   sigmoid	   profiles	   over	   time	  due	   to	   the	   population	   nature	   of	  the	   dose-­‐response	   phenomenon.	   This	   is	   because	   affinity	   between	   receptor	   and	  toxin	   is	   not	   constant	   in	   all	   erythrocytes	   but	   varies	   with	   probability	   distribution	  within	  the	  assay	  erythrocyte	  population	  (Riobó	  et	  al.,	  2011).	  	  In	  the	  original	  method,	  whole	  blood	  from	  a	  mouse	  was	  collected	  from	  the	  rail	  vein	  and	   diluted	   1:9	   in	   phosphate	   buffered	   saline	   (pH	   7.0),	   followed	   by	   red	   cells	  separation	   from	   plasma	   by	   centrifugation.	   Such	   erythrocytes	  were	  washed	   once	  with	  buffer,	  and	  the	  cell	  buffer	  was	  diluted	  in	  medium	  containing	  5%	  (v/v)	  foetal	  bovine	  serum.	  	  For	   the	   haemolysis	   neutralization	   assay,	   phosphate	   buffered	   saline	   (PBS)	   was	  supplemented	   with	   0.1%	   (w/v)	   bovine	   serum	   albumin	   (BSA),	   1	   mM	   calcium	  chloride,	  and	  1	  mM	  sodium	  tetraborate	  (pH	  7.2).	  	  Blood	   suspension	   was	   diluted	   1:49	   in	   this	   buffer	   with	   or	   without	   a	   PLTX	  monoclonal	  antibody.	  	  Samples	  of	  the	  blood	  cell	  suspension	  with	  and	  without	  toxin-­‐containing	  solutions	  were	  mixed	  and	  incubated	  at	  37	  °C	   for	  up	  to	  24	  hours.	  After	   incubation,	  samples	  were	  centrifuged	  and	  supernatants	  were	  used	  to	  measure	  the	  absorption	  at	  540-­‐595	  nm.	  	  The	   amount	   of	   haemoglobin	   released	   was	   found	   to	   be	   time	   and	   concentration	  dependent.	   Toxin	   concentration	   in	   the	   sample	   can	   be	   determined	   by	   incubating	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red	   cells	   with	   PLTX	   standards	   followed	   by	   measurement	   of	   the	   amount	   of	  haemoglobin	  released	  after	  a	  fixed	  period	  of	  time.	  	  Blood	   is	  a	   critical	  element	   in	   this	  method.	  So,	  LOD	  would	  vary	  depending	  on	   the	  origin	  of	  the	  erythrocytes	  (sheep,	  horse,	  rabbit,	  pig,	  mouse,	  human,	  etc.)	  and	  other	  parameters	   like	   age,	   sex.	   LOD	   value	   is	   nevertheless	   around	   0.5	   pg,	  which	   is	   still	  below	  than	  in	  other	  methods.	  	  PLTX	  is	  a	  potent	  but	  slow	  haemolysin	  in	  pigs,	  rats,	  mice,	  rabbits,	  guinea	  pigs,	  and	  in	  human	  erythrocytes.	  Their	  haemolytic	  action	  was	  exploited	  to	  develop	  an	  assay	  in	  order	  to	  detect	  the	  toxin.	  Palytoxin	   activity	   was	   checked	   by	   testing	   the	   delayed	   haemolysis	   of	   mice	  erythrocytes	  following	  Bignami’s	  method	  (1993)	  modified	  by	  Onuma	  et	  al.	  (1999).	  The	  time	  course	  of	  haemolysis	  was	  examined	  by	  varying	  the	  incubation	  time	  from	  1	  to	  4	  hours.	  The	  test	  is	  relatively	  rapid,	  easy	  to	  perform,	  highly	  sensitive	  (in	  the	  order	  of	  pg/ml)	  and	  of	  simple	  management.	  However,	   lacking	   a	   general	   protocol,	   the	   work	   described	   in	   the	   literature	   differ	  greatly,	  both	  in	  methods	  of	  sample	  preparation	  and	  in	  the	  assay	  procedure.	  So	  in	  the	  results	  reported,	  data	  of	  literature	  are	  difficult	  to	  compare.	  To	  improve	  the	  reliability	  of	  the	  assay	  it	  was	  recently	  proposed	  a	  modification	  of	  the	   general	   procedure	   of	   1993,	   which	   suggests	   the	   use	   of	   sheep's	   blood,	   an	  incubation	  of	  18	  hours	  at	  25	  °C	  and	  a	  partial	  inhibition	  of	  haemolysis	  with	  ouabain	  (Riobó	  et	  al.,	  2008b).	  	  	  Also	   structural	   assays	   have	   been	   developed	   like	   a	   sandwich	   ELISA	   and	   an	  immunobiosensors	  (EFSA,	  2009).	  Several	   antibody-­‐based	   methods	   have	   been	   used	   for	   detecting	   the	   PLTX-­‐group	  toxins.	  In	   1992,	   Prof.	   Bignami’s	   group	   developed	   a	   sandwich	   enzyme-­‐linked	  immunosorbent	   assay	   (ELISA)	   (Bignami	   et	   al.,	   1992)	   where	   selected	   antibodies	  were	  used	  to	  develop	  five	  PLTX-­‐specific	  ELISA	  formats	  for	  PLTX	  quantification	  in	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crude	  extracts	  of	  P.	  tuberculosa,	  wherein	   they	  detected	  10	  pg	  PLTX	  per	   test.	  This	  immunoassay	   was	   further	   improved	   by	   Frolova	   (Frolova	   et	   al.,	   2000a,	   b),	   who	  developed	   a	   competitive	   ELISA	   using	   the	   intact	   toxin	   as	   a	   coating	   antigen	   for	  detecting	  PLTX	  in	  the	  range	  of	  6–250	  ng/mL.	  Recently,	  a	  rapid	  isolation	  of	  single-­‐chain	  antibodies	  by	  phage	  display	  technology	  directed	  against	  PLTX	  has	  been	  developed	  (Garet	  et	  al.,	  2010;	  Riobó	  et	  al.,	  2011).	  	  These	  methods	  are	  fast,	  easy	  to	  use,	  and	  can	  be	  applied	  to	  screen	  many	  samples	  for	  possible	  further	  confirmatory	  tests.	  	  The	   ELISA	   assay	   (indirect	   sandwich)	   was	   developed	   using	   the	   monoclonal	  antibody	   73D3,	   and	   a	   rabbit	   polyclonal	   antibody	   produced	   at	   the	   University	   of	  Trieste.	  The	  assay	  detects	  the	  PLTX	  in	  a	  range	  of	  concentrations	  ranging	  from	  1.25	  to	  40	  ng/ml	  and	   is	  able	   to	  quantify	  with	  very	  similar	  sensitivity	  also	  biotinilated	  PLTX	   as	   well	   as	   42-­‐OH-­‐PLTX,	   this	   latter	   isolated	   and	   characterized	   from	   the	  chemical	  point	  of	  view	  during	  the	  latter	  years	  from	  the	  group	  of	  prof.	  E.	  Fattorusso	  (University	  of	  Naples	  Federico	  II),	  in	  a	  sample	  of	  palytoxin	  kindly	  provided	  by	  Dr.	  M.	  Poly	  (Maryland,	  USA).	  	  The	   incapacity	   to	   detect	   okadaic	   acid	   (OA),	   domoic	   acid	   (DA),	   brevetossina-­‐3	  (PbTx-­‐3),	  saxitoxin	  (STX)	  and	  yessotoxin	  (YTX)(toxins	   that	  may	  be	  present	  along	  with	  PLTX	  in	  fish	  contaminated)	  indicates	  the	  specificity	  of	  the	  assay.	  	  The	  palytoxin	  produced	  by	  Ostreopsis	   sps.	  microalgae	  have	  become	  a	  problem	   in	  more	  occasions	  for	  the	  attendance	  of	  the	  coastal	  environment,	  both	  for	  recreation	  and	   for	   business,	   representing	   a	   loss,	   as	   well	   as	   to	   public	   health,	   even	   for	   the	  tourism	  and	  the	  aquaculture	  industry.	  	  Even	   if	   there	   were	   no	   food	   poisoning	   from	   palytoxin	   in	   the	   Mediterranean	  countries,	   the	   toxin	  was	  detected	   in	  shellfish,	  which	  gave	  positivity	   to	   the	  official	  test	   for	   the	   lipophilic	   toxins	   of	   algal	   origin	   (okadaic	   acid	   and	   derivatives,	  azaspiracids,	  yessotoxins	  and	  pectenotoxins).	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It	  should	  be	  remembered	  that	  there	  are	  known	  cases	  of	  fatal	  food	  poisoning	  from	  ingestion	  of	  fish	  and	  shellfish	  contaminated	  by	  palytoxin	  in	  tropical	  countries.	  In	  this	  study	  and	  as	  it	  will	  be	  explained	  below,	  natural	  samples	  were	  analysed	  by	  the	  developed	  test.	  The	   study	   was	   carried	   out	   with	   samples	   from	   3	   distinct	   sites	   characterized	   by	  having	  different	  coastal	  morphologies	  and	  continental	  hydrodynamic	  conditions:	  i)	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2.	  AIM	  OF	  THE	  WORK	  
	  Biotoxins	  produced	  by	  harmful	  algae	  during	  their	  proliferation	  can	  be	  accumulated	  by	   filter	   feeding	   organisms,	   such	   as	   bivalve	   shellfish,	   within	   their	   flesh.	  Furthermore,	   these	   toxins	   gradually	   are	   transferred	   to	   the	   higher	   trophic	   levels	  within	   the	   food	   chain,	   posing	   a	   threat	   to	   human	   health,	   after	   consumption	   of	  contaminated	  seafood.	  Among	  the	  seafood	  poisonings	  associated	  to	  harmful	  algae,	  Diarrhoeic	   Shellfish	  Poisoning	   (DSP)	   is	   a	   frequent	   human	   gastrointestinal	   illness	  that	   represents	   a	   threat	   both	   to	   public	   health	   and	   shellfish	   industry.	   Several	  bivalves,	   among	   which	   Mytilus	   species,	   can	   accumulate	   DSP	   toxins	   and	   cause	  human	  poisoning	  after	  their	  consumption.	  Okadaic	  acid	  and	  its	  analogues	  are	  able	  to	   cause	   diarrhea	   producing	   an	   indirect	   increase	   of	   phosphorylated	   proteins	   in	  cells,	  through	  inhibition	  of	  serine	  threonine	  protein	  phosphatases	  1	  and	  2A.	  Consequently,	  the	  final	  goal	  of	  the	  first	  part	  of	  the	  research	  was	  the	  quantification	  of	   OA	   and	   its	   analogues	   in	   mussels	   samples	   (Mytilus	   galloprovincialis)	   from	   the	  Gulf	  of	  Trieste,	  before	  and	  after	  cooking	  process,	  by	  three	  methods	  and	  to	  compare	  the	   obtained	   results:	   mussels	   were	   analyzed	   by	   LC-­‐MS/MS	   and	   by	   a	   functional	  rapid	   assay,	   the	   protein	   phosphatase	   2A	   (PP2A)	   inhibition	   assay,	   following	   two	  different	  procedures:	   (1)	   the	  enzyme	   inhibition	  assay	  developed	  by	  Tubaro	  et	  al.	  (1996)	  and	  revised	  by	  Della	  Loggia	  et	  al.	  (1999)	  (Protocol	  1);	  	  (2)	  the	  "DSP	  Rapid	  Kit	  96",	  a	  commercial	  kit	  produced	  by	  the	  Japanese	  company	  Tropical	  Technology	  Center	  Ltd.	  (Okinawa,	  Japan)(Protocol	  2).	  	  Further	   aim	   is	   the	   set	   up	   and	   characterization	   of	  methods	   for	   the	   detection	   and	  quantification	   of	   palytoxins,	   a	   group	   of	   emerging	   marine	   toxins	   that	   recently	  became	   endemic	   to	   the	  Mediterranean	   Sea,	  where	   are	   detected	   in	  microalgae	   of	  the	  genus	  Ostreopsis,	  that	  are	  believed	  to	  be	  the	  producing	  organisms,	  and	  in	  edible	  marine	  organisms	  as	  contaminants.	  These	  toxins	  have	  been	  associated	  to	  seafood	  poisoning	   in	   tropical	   and	   subtropical	   areas,	   while	   in	   Mediterranean	   area	   they	  respiratory	  problems	  and	  skin	   irritations	  occurred	  after	   inhalational	  exposure	   to	  marine	  aerosol	  during	  Ostreopsis	  blooms.	  Although	  these	  toxins	  are	  not	  currently	  regulated	  in	  seafood,	  European	  Food	  Safety	  Authority	  suggested	  a	  maximum	  level	  of	  30	  µg	  PLTXs/kg	  shellfish	  meat	  and	  recommended	  the	  need	  of	  suitable	  validated	  methods	   for	   PLTXs	   detection	   and	   quantification.	   Thus,	   the	   research	   has	   been	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3.1.	  MATERIALS	  	  
3.1.1.	  SUBSTANCES	  AND	  OTHER	  MATERIALS	  	  Okadaic	   acid	   (OA;	  purity:	  98	  %)	  and	  palytoxin	   (PLTX;	  purity:	   higher	   than	  90	  %)	  were	   purchased	   from	   Wako	   Pure	   Industries	   Ltd.	   (Osaka,	   Japan).	   42-­‐hydroxy-­‐palytoxin	  was	   isolated	   from	  Palythoa	  toxica	  as	  previously	  reported	  (Ciminiello	  et	  al.,	  2009).	  Yessotoxin,	  brevetoxin-­‐3	  and	  saxitoxin	  were	  kindly	  provided	  by	  Prof.	  T.	  Yasumoto	   (Japan	   Food	   Research	   Laboratories;	   Tokyo,	   Japan),	   Dr.	   M.	   Poli	   (U.S.	  Army	  Medical	  Research	   Institute	   of	   Infectious	  Diseases;	   Ft.	  Detrick,	  MD,	  USA)	   or	  Dr.	   F.	   Van	  Dolah	   (National	  Oceanic	   and	  Atmospheric	  Administration;	   Charleston,	  SC,	  USA).	  	  Tris(hydroxymethyl)aminomethane	   (Tris/HCl),	   ethylenediaminetetraacetic	   acid	  disodium	  salt	  (EDTA),	  DL-­‐dithiotreitol	  (DTT),	  sulforhodamine	  B	  (SRB),	  glutamine,	  penicillin,	  streoptomycin,	  trypsin,	  Trypan	  Blue,	  Ham’s	  culture	  medium,	  10	  %	  horse	  serum,	   10	   %	   foetal	   bovine	   serum,	   Hank’s	   balanced	   salt	   solution	   calcium	   and	  magnesium	   free,	   sodium	   citrate	   dehydrate,	   boric	   acid	   and	   Tween	   20	  were	   from	  Sigma	   Aldrich	   (Milan,	   Italy).	   Multi-­‐well	   strips	   were	   from	   Nunc	   (Langenselbold,	  Germany);	  Amicon®	  Ultra-­‐15	  centrifugal	  filter	  devices	  and	  sterile	  Millex-­‐Lg	  12:20	  µm	  filter	  were	  from	  Millipore	  (Vimodrone,	  Italy);	  cellulose	  membranes	  for	  dialysis	  were	  from	  Spectrum	  Labs	  (Rancho	  Dominguez,	  CA,	  USA);	  horseradish	  peroxidase-­‐conjugated	   polyclonal	   anti-­‐rabbit	   goat	   antibodies	   were	   from	   DakoCytomation	  (Milan,	   Italy).	   Water,	   methanol	   and	   acetonitrile	   (LC-­‐MS	   grade)	   were	   purchased	  from	   Panreac	   (Barcelona,	   Spain).	   Glacial	   acetic	   acid	   (LC-­‐MS	   grade;	   98-­‐100%	  purity)	  and	  periodate	  were	  purchased	  from	  Sigma-­‐Aldrich	  (Madrid,	  Spain).	  Vials	  Waters®	  12	   x	   32	  mm	  glass	   screw	  neck	   vial,	   quick	   thread,	   LectraBond	   cap,	  preslit	   PTFE/silicone	   septa,	   Maximum	   recovery	   were	   from	   Cienytech	   Ciencia	   y	  Tecnología;	   Oficial	   distributor	   of	   Waters®	   in	   Europe.	   Micro-­‐filters	   Millex®	   (13	  mm)	   0.22	   µm	   Syringe	  Driven	   Filter	   Unit	  with	  Durapore®	  Membrane	  were	   from	  Millipore	  (Cork,	  Ireland).	  Syringes	  Terumo®	  1	  mL	  with	  needle	  U-­‐100	  Insulin	  were	  from	  Termo	  Europe	  (Leuven,	  Belgium).	  Columns	  (Agilent	  Extend	  C-­‐18	  column,	  3.0	  mm	  x	  150	  mm,	  3.5	  µm;	  Agilent	  Eclipse	  Plus	  C-­‐18	  column,	  2.1	  mm	  x	  50	  mm,	  1.8.	  µm)	  were	   from	  Agilent	   (Madrid,	  Spain);	  Column	  STRATA-­‐X	   for	  Solid	  Phase	  Extraction	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and	   33	   µm	  Polymeric	  Reversed	   Phase,	   60	  mg-­‐3	  mL	   for	   the	   oxidation	  were	   from	  Phenomenex	  (Torrance,	  CA,	  USA).	  	  	  “DSP	   Rapid	   Kit”	   for	   the	   detection	   of	   okadaic	   acid	   and	   its	   analogues,	   based	   on	   a	  highly	  purified	  recombinant	  human	  PP2A	  C-­‐subunit,	  was	  purchased	  from	  Tropical	  Center	  Ltd.	  (Okinawa,	  Japan).	  Protein	  phosphatase	  2A,	  isolated	  from	  rabbit	  muscle,	  was	   supplied	  by	  Tecna	   (Trieste,	   Italy).	  Other	  materials	   and	  chemicals	  were	   from	  Sigma	  Aldrich.	  	  	  	  
3.1.2.	  SAMPLES	  OF	  MUSSELS	  AND	  MICROALGAE	  
	  
3.1.2.1.	  Mussels	  samples	  for	  lipophilic	  toxins	  quantification	  Samples	  of	  mussels	   (Mytilus	  galloprovincialis	  Lam.:	  Fig.	  31)	  were	   collected	   in	   the	  Gulf	  of	  Trieste	   (Italy)	   from	  October	  2010	  and	  October	  2011.	  After	  washing,	   each	  sample	   was	   divided	   in	   two	   subsamples	   of	   about	   4	   kg	   each,	   one	   of	   which	   was	  cooked	  for	  5	  min	  (up	  to	  the	  shell	  opening)	  while	  the	  other	  remained	  uncooked.	  The	  edible	   parts	   of	   the	   cooked	   and	   uncooked	   subsamples	   were	   removed	   and	  homogenized	   by	   Ultra-­‐Turrax	   (Ika-­‐Werk;	   Staufen,	   Germany).	   Samples	   were	  numbered	   and	   sored	   at	   -­‐80°	   C	   until	   analysis	   by	   PP2A	   inhibition	   assays	   and	   LC-­‐MS/MS.	  	  	  
	  Figure	  31:	  Mytilus	  galloprovincialis	  Lam.	  	  
	  
3.1.2.2.	  Mussel	  and	  microalgae	  samples	  for	  palytoxins	  quantification	  	  
Mussel	  and	  microalgae	  samples	  for	  ELISA	  and	  haemolytic	  assay	  characterization	  	  Mussels	   (Mytilus	   galloprovincialis	  Lam.),	   free	   of	   palytoxin,	   were	   collected	   in	   the	  Gulf	  of	  Trieste	  (Italy).	  After	  washing,	  shucked	  meat	  (200	  g)	  was	  homogenized	  by	  Ultra-­‐Turrax,	  and	  stored	  at	  -­‐80°	  C	  until	  use	  for	  matrix	  effect	  and	  recovery	  studies	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aimed	   to	   characterize	   the	   indirect	   sandwich	   ELISA	   and	   haemolytic	   assay	   for	  palytoxin	  detection.	  Seawater	   (8	  L;	  9.1x106	  algal	   cells/L)	   free	  of	  Ostreopsis	   sp.	   and	  containing	  mainly	  diatoms	   (Proboscia	   alata,	   Guinardia	   flaccida,	   Chaetoceros	   sp.	   and	   Hemiaulus	  
hauckii,	   among	   the	  most	   abundant)	   and	   dinoflagellates	   (Ceratium	   fusus,	  C.	   furca,	  
Dinophysis	   sacculus,	  Hermesinum	  adriaticum	   and	   Protoperidinium	   sp.,	   among	   the	  most	   abundant)	  was	   collected	  by	   several	   vertical	  net	  hauls	   (20	  µm	  mesh)	   in	   the	  Gulf	  of	  Trieste	  (Italy).	  After	  centrifugation	  at	  5,000	  rpm	  for	  20	  minutes,	  the	  pellet	  was	  separated	  and	  used	  for	  the	  evaluation	  of	  matrix	  effect	  and	  palytoxin	  recovery	  within	  the	  characterization	  of	  the	  indirect	  sandwich	  ELISA.	  
	  
Ostreopsis	  samples	  for	  the	  quantification	  of	  palytoxins	  by	  ELISA	  and	  LC-­‐MS/MS	  Microalgal	   samples	   were	   collected	   from	   the	   Oceanic	   Coast	   of	   Portugal,	   and	  
Ostreopsis	  sp.	  cells	  were	  isolated	  and	  cultured	  at	  Instituto	  Português	  do	  Mar	  e	  da	  Atmosfera	  (Lisbon,	  Portugal).	  	  In	  particular,	  algal	  samples	  from	  three	  distinct	  sites,	  characterized	   by	   different	   coastal	   morphologies	   and	   continental	   hydrodynamic	  conditions,	   were	   collected:	   in	   Madeira	   Islands’	   archipelago	   in	   the	   North-­‐East	  Atlantic	  Ocean,	  Selvagens	  Island	  during	  the	  upwelling	  of	  August	  2008;	  ii)	  Cascais,	  on	  the	  west	  coast	  of	  Portugal	  mainland,	  located	  at	  the	  Northern	  side	  of	  Lisbon	  bay	  during	  the	  upwelling	  occurred	  during	  the	  favourable	  northerly	  wind	  periods	  (from	  April	  to	  September	  2011);	  iii)	  Algarve,	  Lagos,	  on	  the	  South	  Portuguese	  coast,	  also	  in	  2011.	  Algal	  samples	  collected	  in	  August	  2008	  in	  Selvagens	  (Madeira)	  were	  exposed	  in	  the	  oceanic	   depth;	   and	   during	   September	   2011,	   at	   Cascais	   the	   sample	  was	   collected	  from	  sheltered	  areas,	  from	  rocky	  bottom	  and	  depth	  around	  (7	  m).	  Finally	  in	  Lagos	  (Algarve)	  the	  sample	  were	  in	  sheltered	  areas,	  were	  rocky	  and	  in	  sandy	  beach	  with	  shallow	  depths	  (<1m)	  (David	  et	  al.,	  2012).	  Cells	  were	   isolated	   by	   a	   capillary	   pipette	  with	   the	   aid	   of	   a	   ZEISS	   IM35	   Inverted	  Microscope.	  Isolates	  were	  maintained	  in	  microwell	  plates	  in	  f/20	  medium	  without	  silicates	   made	   with	   each	   place’s	   water	   with	   a	   salinity	   adjusted	   to	   34PSU	   and	  incubated	   at	   20°	   C.	   The	   O.	   ovata	   sample	   from	   Madeira	   Island	   had	   a	   cell	  concentration	  of	  103	  cells/L	   in	  a	   total	  volume	  of	  0.5	  L.	  The	  sample	  of	  Algarve	  O.	  
ovata	  culture	  had	  a	  total	  volume	  of	  2.75	  L	  with	  a	  cell	  concentration	  of	  511	  cells/L.	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3.2.	  METHODS	  	  
3.2.1.	   DETECTION	   OF	   LIPOPHILIC	   TOXINS	   BY	   PROTEIN	   PHOSPHATASE	  
INHIBITION	  ASSAY	  	  
3.2.1.1.	  Preparation	  of	  mussel	  extracts	  Each	  cooked	  or	  uncooked	  sample	  of	  mussels	  (2	  g)	  was	  extracted	  with	  18	  mL	  of	  90	  %	   aqueous	  methanol	   by	   homogenization	  with	  Ultra-­‐Turrax,	   at	   15,000	   rpm	   for	   1	  minute.	   The	   homogenate	   was	   centrifuged	   at	   2,500	   g	   for	   10	   minutes	   and	  supernatant	   (extract	   supernatant)	   was	   collected	   and	   diluted	   for	   the	   PP2A	  inhibition	  assay,	  as	  described	  below.	  	  Since	  esters	  of	  OA	  and	  DTX-­‐1	  do	  not	  inhibit	  PP2A,	  to	  detect	  also	  these	  compounds,	  mussel	   extracts	   were	   submitted	   to	   basic	   hydrolysis	   before	   the	   analysis	   by	   the	  PP2A	  inhibition	  assay.	  To	  this	  aim,	  100	  µL	  of	  1.25	  N	  NaOH	  were	  added	  to	  500	  µL	  of	  the	  extract	  supernatant,	  that	  was	  subsequently	  heated	  at	  80°C	  for	  40	  minutes.	  After	  cooling	  to	  room	  temperature,	  the	  solution	  was	  neutralized	  by	  the	  addition	  of	  100	  
µL	  1.25	  N	  HCl,	  obtaining	  the	  hydrolysed	  extract	  supernatant	  that	  was	  diluted	  for	  the	  PP2A	  inhibition	  assay,	  as	  described	  below.	  	  Extract	   supernatants	   were	   analysed	   by	   PP2A	   inhibition	   assay,	   following	   two	  different	  procedures:	  the	  PP2A	  inhibition	  assay	  developed	  by	  Tubaro	  et	  al.	  (1996),	  subsequently	   revised	   by	   Della	   Loggia	   et	   al.	   (1999),	   called	   “Protocol	   1”,	   and	   the	  commercial	  kit	   "DSP	  Rapid	  Kit	  96",	   supplied	  by	  Tropical	  Technology	  Center	  Ltd.,	  (Okinawa,	  Japan),	  called	  “Protocol	  2”.	  	  
3.2.1.2.	  PP2A	  inhibition	  assay	  –	  Protocol	  1	  
Standard	  solutions	  A	  stock	  solution	  of	  OA	  in	  ethanol	  (100	  µL;	  500	  ng/mL)	  was	  diluted	  with	  1900	  µL	  of	  40	  mM	  Tris	  buffer	  pH	  8.4	  (containing	  34	  mM	  MgCl2,	  4	  mM	  EDTA	  and	  4	  mM	  DTT)	  to	  prepare	   an	   OA	   solution	   a	   the	   concentration	   of	   25	   ng/mL.	   This	   solution	   was	  sequentially	  diluted	  with	  the	  same	  buffer	  obtaining	  nine	  OA	  standard	  solutions	  at	  final	  concentrations	  ranging	  from	  0.09	  to	  2.22	  ng/mL.	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Test	  solutions	  Hydrolysed	  and	  not	  hydrolysed	  mussel	  extract	  supernatants	  were	  diluted	  with	  the	  working	  buffer	  following	  the	  scheme	  reported	  below.	  [1]	  50	  µL	  extract	  supernatant	  +	  950	  working	  buffer	  (dilution	  factor:	  20)	  [2]	  500	  µL	  of	  [1]	  +	  250	  working	  buffer	  (dilution	  factor:	  30)	  [3]	  500	  µL	  of	  [2]	  +	  1000	  working	  buffer	  (dilution	  factor:	  90)	  [4]	  500	  µL	  of	  [3]	  +	  1000	  working	  buffer	  (dilution	  factor:	  270)	  [5]	  500	  µL	  of	  [4]	  +	  1000	  working	  buffer	  (dilution	  factor:	  810)	  
	  
PP2A	  inhibition	  assay	  	  The	  PP2A	  inhibition	  assay	  was	  carried	  out	  in	  96	  multi-­‐well	  microplates.	  Each	  well	  contained	  100	  µL	  of	  the	  working	  buffer,	  50	  µL	  of	  enzyme	  solution	  (0.5	  U/mL)	  and	  50	   µL	   of	   standard	   or	   test	   solution,	   at	   different	   dilutions.	   Blank	   wells	   (BLK)	  contained	  only	  200	  µL	  of	  working	  buffer,	  while	  control	  wells	  contained	  150	  µL	  of	  working	   buffer	   and	   50	   µL	   of	   enzyme	   solution.	   Then,	   the	   enzyme	   reaction	   was	  started	  adding	  50	  µL	  of	  substrate	  solution	  (100	  mM	  p-­‐NPP).	  The	  microplate	  was	  sealed	  with	  an	  adhesive	  film,	  mixed	  for	  1	  minute	  and	  incubated	  for	  60	  minutes	  at	  room	  temperature	  (22°C±1°C).	  The	  colour	  development	  due	  to	  the	  hydrolysis	  of	  p-­‐nitrophenyl	  phosphate	  (colourless)	   to	  p-­‐nitrophenol	  (yellow)	  was	  measured	  by	  a	  microplate	   autoreader	   at	   405	   nm	   (Spectra®	   Photometer;	   Tecan	   Italia;	   Milan,	  Italy).	  Each	  determination	  was	  carried	  out	  in	  duplicate.	  	  The	  mean	  of	  the	  absorbance	  values	  recorded	  for	  the	  BLK	  was	  subtracted	  from	  the	  mean	  values	  recorded	  for	  the	  other	  wells.	  The	  net	  absorbance	  value	  recorded	  for	  the	  control	  wells	  represents	  the	  enzyme	  activity	  in	  the	  absence	  of	  toxins,	  while	  the	  ratio	  between	  the	  absorbance	  of	  the	  test	  wells	  and	  that	  of	   the	  control	  wells	   is	  an	  index	  of	  the	  PP2A	  inhibition	  degree,	  subsequently	  expressed	  as	  per	  cent	  of	  residual	  enzyme	  activity.	  OA	   concentration	   in	   the	   samples	   was	   determined	   by	   the	   interpolation	   of	   the	  enzyme	   activity	   in	   the	   samples	   wells	   from	   the	   linear	   interval	   of	   the	   calibration	  curve	   obtained	   from	   the	  OA	   standard	   solutions,	   taking	   into	   account	   the	   dilution	  factors	   due	   to	   the	   sample	   preparation	   and	   to	   the	   test	   solution	   preparation.	   The	  toxins	  concentrations	  were	  expressed	  as	  OA	  equivalents	  per	  kg	  of	  mussel	  meat.	  At	  least	   three	   replicates	   of	   each	   sample	   analysis	  were	   carried	   out	   in	   different	   days	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and	   the	   results	  are	  expressed	  as	   the	  mean	  ±	   standard	  deviation	   (S.D.)	  of	   at	   least	  three	  replicates.	  	  
3.2.1.3.	  PP2A	  inhibition	  assay	  –	  Protocol	  2	  
Standard	  solutions	  The	   standard	   OA	   solutions	   (0,	   0.5,	   1.0,	   1.5,	   2.0,	   2.5,	   5.0	   and	   10.0	   ng/mL)	   were	  provided	  with	  the	  “DSP	  Rapid	  Kit	  96”	  (Tropical	  Technology	  Center	  Ltd.;	  Okinawa,	  Japan).	  	  	  
Test	  solutions	  Hydrolysed	  and	  not	  hydrolysed	  mussel	  extract	  supernatants	  (50	  µL)	  were	  diluted	  with	  the	  sample	  buffer	  (950	  µL)	  provided	  with	  the	  kit.	  This	  solution	  was	  used	  for	  the	  PP2A	  inhibition	  assay,	  as	  specified	  below.	  	  
	  
PP2A	  inhibition	  assay	  	  The	  PP2A	  inhibition	  assay	  was	  carried	  out	  in	  96	  multi-­‐well	  microplates.	  Each	  well	  contained	  50	  μL	  of	  the	  standard	  OA	  solutions	  or	  test	  solutions,	  100	  μL	  of	  substrate	  working	  solution	  and	  100	  μL	  of	  PP2A	  working	  solution.	  The	  plate	  was	  sealed	  with	  an	   adhesive	   film	   and	   mixed	   for	   1	   minute	   with	   a	   	  microplate	   mixer,	   before	   the	  incubation	  for	  30	  minutes	  at	  36°C.	  	  Then,	   the	   absorbance	   was	   measured	   at	   405	   nm	   (Spectra®	   Photometer;	   Tecan	  Italia;	  Milan,	  Italy).	  Each	  determination	  was	  carried	  out	  in	  triplicate.	  	  OA	   concentration	   in	   the	   samples	   was	   determined	   by	   the	   interpolation	   of	   the	  enzyme	  activity	  in	  the	  samples	  wells	  from	  the	  calibration	  curve	  obtained	  from	  the	  OA	  standard	  solutions,	  using	  a	  Microsoft	  Excel	   spreadsheet	  provided	  by	  Tropical	  Technology	   Center	   Ltd.	   (Okinawa,	   Japan).	   The	   toxins	   concentrations	   were	  expressed	   as	   OA	   equivalents	   per	   kg	   of	  mussel	  meat.	   At	   least	   three	   replicates	   of	  each	   sample	   analysis	   were	   carried	   out	   in	   different	   days	   and	   the	   results	   are	  expressed	  as	  the	  mean	  ±	  standard	  deviation	  (S.D.)	  of	  at	  least	  three	  replicates.	  Data	  obtained	   by	   the	   two	   Protocols	   of	   PP2A	   inhibition	   assay	   were	   analysed	   by	   the	  Student’s	   t-­‐test	   for	   paired	   samples,	   accepting	   p	   values	   lower	   than	   0.05	   as	  significant.	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3.2.2.	  DETECTION	  OF	  LIPOPHILIC	  TOXINS	  BY	  LC-­‐MS/MS	  	  	  
3.2.2.1.	  Preparation	  of	  mussel	  extracts	  Preparation	   of	  mussel	   extracts	   for	   lipophilic	   toxins	   detection	   by	   LC-­‐MS/MS	  was	  carried	   out	   in	   collaboration	   with	   the	   National	   Reference	   Laboratory	   for	   Marine	  Biotoxins	  of	  Cesenatico	  (Cesenatico,	  FC,	  Italy).	  Mussel	  samples	  (2	  g)	  were	  extracted	  with	  18	  mL	  of	  methanol	  by	  vortex	   for	  3	  minutes,	   at	   full	   speed.	  The	  mixture	  was	  centrifuged	  at	  2,500	  g	  for	  10	  minutes	  and	  the	  supernatant	  was	  collected	  and	  made	  up	  to	  20	  mL	  with	  methanol.	  The	  obtained	  dilution	  was	  analysed	  by	  LC-­‐MS.	  The	  presence	  of	  esters	  of	  OA	  and	  DTX-­‐1	  in	  the	  samples	  was	  verified	  by	  subjecting	  an	   aliquot	   of	   each	   extract	   to	   alkaline	   hydrolysis,	   as	   previously	   reported	   for	   the	  mussel	  extracts	  analysed	  by	  PP2A	  inhibition	  assay.	  	  
3.2.2.2.	  LC-­‐MS/MS	  analysis	  Extracts	   for	   LC-­‐MS/MS	   analysis	   were	   filtered	   through	   a	   0.2	   µm	   syringe	   filters	  (Waters;	  Milan,	   Italy)	  before	  injection.	  The	  analysis	  was	  performed	  on	  1200L	  LC-­‐MS	   system	   (Agilent	   Technologies;	   Palo	   Alto,	   CA,	   USA),	   consisting	   of	   a	   mass	  spectrometer	   detector	   with	   an	   electrospray	   ionization	   source	   (Fig.	   32).	  Separations	  were	  performed	  in	  a	  Pursuit	  XRs	  C18	  column	  (2.8	  μm	  x	  50	  ×	  2.0	  mm;	  Agilent	  Zorbax;	  Palo	  Alto,	  CA,	  USA;	  Phenomenex;	  Torrance,	  CA,	  USA)	  operated	  with	  a	  mobile	  phase	  consisting	  of	  water	  and	  50	  mM	  formic	  acid	  and	  4	  mM	  ammonium	  hydroxide	  in	  channel	  A;	  or	  methanol:water	  (95:5,	  v/v),	  2.3	  mM	  formic	  acid	  and	  5.1	  mM	   ammonium	   hydroxide	   in	   channel	   B.	   The	   mobile	   phase	   rate	   was	   set	   at	   0.3	  mL/minute,	  in	  positive/negative	  ion	  mode.	  All	  the	  samples	  and	  standards	  were	  injected	  three	  times	  in	  a	  continuous	  LC-­‐MS/MS	  run	   and	   the	   average	   response	   used.	   At	   least	   three	   replicates	   of	   each	   sample	  analysis	  were	   carried	   out	   in	   different	   days	   and	   the	   results	   are	   expressed	   as	   the	  mean	  ±	   standard	  deviation	  (S.D.).	  Data	  obtained	  by	  LC-­‐MS-­‐MS	  were	  compared	  to	  those	   obtained	   by	   PP2A	   inhibition	   assays	   by	   the	   Student’s	   t-­‐test	   for	   paired	  samples,	  accepting	  p	  values	  lower	  than	  0.05	  as	  significant.	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  Figure	  32:	  LC-­‐MS/MS	  equipment	  used	  for	  the	  analysis.	  	  
	  
3.2.3.	  HAEMOLYTIC	  ASSAY	  FOR	  PALYTOXIN	  DETECTION	  	  
3.2.3.1.	  Preparation	  of	  blood	  samples	  Blood	  was	  obtained	  from	  female	  CD-­‐1	  mice	  (30-­‐35	  g;	  Harlan	  laboratories;	  S.	  Pietro	  al	   Natisone,	   Italy).	   Experiments	   complied	  with	   the	   Italian	   Decree	   n.	   116/1992	   s	  well	  as	  the	  EU	  Directive	  2010/63/EU)	  and	  the	  European	  Convention	  ETS	  123.	  Mice	  were	   housed	   in	   cages	   of	   the	   size	   26.7	   x	   20.7	   x	   14.0	   cm,	   and	   maintained	   under	  controlled	  conditions	  of	  temperature	  (23	  °C	  ±	  1	  °C)	  and	  relative	  humidity	  (50-­‐60	  %),	  in	  the	  presence	  of	  a	  fixed	  cycle	  of	  artificial	  lighting	  (07.00-­‐19.00).	  The	  animal	  feed	  consisted	  of	  pelleted	  feed	  for	  rodents,	  with	  the	  following	  composition:	  protein	  (18.5	  %),	  fat	  (5.5	  %),	  fiber	  (4.5	  %),	  ash	  (6.0	  %),	  non-­‐nitrogenous	  components	  (53.3	  %),	  water	  (12.0	  %)	  (Harlan	  Laboratories;	  S.	  Pietro	  al	  Natisone,	  Italy).	  Blood	  samples	  (200-­‐300	  µL)	  were	  collected	  by	  cheek	  puncture	  from	  facial	  vein	  in	  tubes	  containing	  sodium	  citrate	  (1	  volume	  of	  129	  mM	  sodium	  citrate	  for	  9	  volumes	  of	  blood).	  Blood	  was	  diluted	  1:10	  with	  working	  buffer	   (phosphate	  buffered	   saline,	  PBS,	  pH	  7.4,	   containing	   1	   mM	   CaCl2	   and	   1	   mM	   H3BO3)	   and	   centrifuged	   at	   300	   g	   for	   5	  minutes	   at	   4	   °C.	   After	   removing	   the	   supernatant,	   an	   equal	   volume	   of	   working	  buffer	  was	  added	  to	  the	  pellet,	  repeating	  thrice	  this	  washing	  step.	  Then,	  1	  volume	  of	   washed	   blood	   was	   diluted	   with	   1.5	   volumes	   of	   working	   buffer	   to	   obtain	   an	  intermediate	  dilution	  of	  1:25.	  Blood	  was	  further	  diluted	  with	  working	  buffer	  (1:40)	  and	  counted	   in	  a	  Burker	  chamber	  (VWR;	  Milan,	   Italy),	  adjusting	  the	  cells	   to	  7.5	  x	  107	  cells/mL	  (unless	  otherwise	  indicated).	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3.2.3.2.	  Haemolytic	  assay	  
Haemolytic	  assay:	  4	  h	  incubation	  with	  palytoxin	  	  Serial	  dilutions	  of	  palytoxin	  (0.26-­‐400	  pM)	   in	  working	  buffer	  were	  prepared	  and	  100	  µL	  were	  added	  to	  each	  well	  of	  a	  96-­‐well	  plate	  with	  round	  bottom.	  As	  positive	  control	  (C+),	  100	  µL	  of	  working	  buffer	  containing	  0.1	  %	  Tween	  20	  were	  added	  to	  three	   separate	   wells,	   while	   100	   µL	   of	   working	   buffer	   were	   added	   to	   negative	  control	   (C-­‐)	  wells.	   Then,	   100	  µL	  of	   erythrocytes	   suspension	   (7.5	   x	   107	   cells/mL)	  were	   added	   to	   each	   well.	   The	   plate	   was	   incubated	   at	   37	   °C	   for	   4	   hours	   and	  centrifuged	  at	  300	  g	  for	  5	  minutes	  at	  4	  °C.	  The	  supernatant	  of	  each	  (150	  µL)	  well	  was	   transferred	   to	   a	   96-­‐well	   plate	   with	   flat-­‐bottom	   and	   he	   absorbance	   was	  measured	  at	  405	  nm	  (Spectra®	  Photometer;	  Tecan	  Italia;	  Milan,	  Italy).	  The	   percentage	   of	   erythrocytes	   lysis	  was	   calculated	   from	   the	   absorbance	   values	  (Abs)	  by	  the	  following	  formula:	  	  	  
%	  lysis	  =	  100	  x	  [(Abs	  sample	  –	  Abs	  C-­‐)/(Abs	  C+	  -­‐	  Abs	  C-­‐)]	  	  Each	   determination	   was	   done	   in	   triplicate.	   At	   least	   three	   replicates	   of	   each	  experiment	  were	  carried	  out	  in	  different	  days	  and	  the	  results	  are	  expressed	  as	  the	  mean	  of	  the	  replicates	  ±	  standard	  deviation	  (S.D.).	  
	  
Haemolytic	  assay:	  1	  h	  incubation	  with	  palytoxin	  With	  the	  aim	  to	  reduce	  the	  duration	  of	   the	  haemolytic	  assay	   from	  4	  h	  to	  1	  h,	   the	  assay	   was	   carried	   out	   also	   incubating	   the	   erythrocytes	   (7.5	   x	   107	   cells/mL)	   in	  diluted	   PBS	   (65	   %,	   100	   µL)	   to	   increase	   the	   osmotic	   stress	   conditions,	   and	  evaluating	   the	   haemolytic	   activity	   1	   h	   after	   the	   exposure	   to	   the	   toxin.	   The	  percentage	   of	   erythrocytes	   lysis	   was	   calculated	   from	   the	   absorbance	   values	   as	  previously	  reported.	  	  
3.2.3.3.	  Evaluation	  of	  matrix	  effect	  and	  recovery	  To	   evaluate	   the	   suitability	   of	   the	   haemolytic	   assay	   for	   the	   quantification	   of	  palytoxin	   in	   mussels,	   an	   extract	   of	  Mytilus	   galloprovincialis	   edible	   parts,	   free	   of	  palytoxin	  on	  the	  basis	  of	  previous	  analysis	  by	  LC-­‐MS,	  was	  prepared	  and	  evaluated	  for	   the	   matrix	   effect.	   Mussel	   homogenate	   (1	   g)	   was	   extracted	   three	   times	   by	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homogenization	   (14,000	   rpm,	  3	  minutes)	  with	  3	  mL	  of	  80	  %	  aqueous	  methanol,	  followed	   by	   centrifugation	   at	   5,500	   rpm	   for	   30	  minutes.	   The	   supernatants	  were	  pooled	  and	   the	  solvent	  was	  evaporated	  under	  vacuum.	  The	  obtained	  extract	  was	  diluted	   with	   the	   working	   buffer	   to	   concentrations	   ranging	   from	   0.001	   to	   5.6	  mg/mL,	  that	  were	  analysed	  by	  the	  haemolytic	  assay	  to	  verify	  the	  matrix	  effect.	  To	  evaluate	  palytoxin	  recovery	  from	  mussels,	  the	  palytoxin-­‐free	  mussel	  sample	  (1	  g)	   was	   spiked	   with	   2.0	   µg	   palytoxin	   (before	   extraction).	   The	   sample	   was	   then	  extracted	   as	   reported	   above,	   obtaining	   an	   extract	   corresponding	   to	   0.1	   g	   edible	  parts	  equivalents/mL,	  containing	  200	  ng	  palytoxin/mL.	  The	  extract	  was	  analysed	  by	  the	  haemolytic	  assay	  as	  previously	  described.	  	  
	  
	  
3.2.4.	  ENZYME-­‐LINKED	  IMMUNOSORBENT	  ASSAY	  FOR	  PALYTOXINS	  DETECTION	  	  
3.2.4.1.	  Production	  and	  purification	  of	  anti-­‐palytoxin	  antibodies	  Mouse	   monoclonal	   anti-­‐PLTX	   antibody	   73D3	   (mAb-­‐PLTX)	   was	   produced	   and	  purified	  from	  a	  hybridoma	  cell	  culture	  at	  the	  U.S.	  Army	  Medical	  Research	  Institute	  of	  Infectious	  Diseases	  (Fort	  Detrick,	  MD,	  USA)	  as	  reported	  by	  Bignami	  et	  al.	  (1992).	  Rabbit	   polyclonal	   anti-­‐PLTX	   antibodies	   (pAb-­‐PLTX)	  were	   produced	   according	   to	  Bignami	  et	  al.	  (1992).	  Experiments	  complied	  with	  the	  Italian	  Decree	  n.	  116/1992	  s	  well	  as	  the	  EU	  Directive	  2010/63/EU)	  and	  the	  European	  Convention	  ETS	  123.	  The	  polyclonal	   antibody	   was	   obtained	   at	   the	   University	   of	   Trieste,	   immunizing	   two	  New	  Zealand	  White	  male	   rabbits	   (weight:	   2	   kg,	  Harlan	   Laboratories;	   S.	   Pietro	   al	  Natisone,	   Italy)	  with	  palytoxin	   conjugated	   to	  bovine	   serum	  albumin	   (PLTX-­‐BSA),	  prepared	   by	   the	   group	   of	   Prof.	   Benedetti	   from	   the	   Department	   of	   Chemical	   and	  Pharmaceutical	  Sciences	  of	  the	  University	  of	  Trieste.	  The	   first	   immunization	  was	  carried	  out	  by	   intradermal	   injection	  of	  200	  µg	  of	   the	  conjugate	  dissolved	  in	  phosphate	  buffered	  saline	  and	  complete	  Freund's	  adjuvant.	  The	  second	  inoculation	  was	  performed	  two	  weeks	  after	  by	  intradermal	  injection	  of	  100	   µg	   of	   the	   conjugate	   in	   phosphate	   buffered	   saline	   and	   incomplete	   Freund's	  adjuvant.	  The	  subsequent	  inocula	  were	  made	  every	  4	  weeks	  by	  injecting	  75	  µg	  of	  the	   conjugate	   subcutaneously	   and	   25	   µg	   of	   the	   same	   conjugate	   intramuscularly.	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The	  titer	  of	  anti-­‐PLTX	  antibodies	  was	  controlled	  10	  days	  after	  each	  inoculation	  by	  ELISA.	   At	   the	   end	   of	   the	   treatment	   period	   animals	   were	   anaesthetized	   by	  intramuscular	   injection	   of	   Zoletil	   and	   Xylazine	   (15	   and	   5	   mg/kg,	   respectively;	  Virbac;	   Milan,	   Italy)	   and	   exanguinated,	   in	   accordance	   with	   national	   and	  international	   guidelines.	   At	   the	   end	   of	   the	   treatment	   (eleventh	   inoculum	   for	   a	  rabbit,	   eighth	   inoculum	   for	   the	   other)	   the	   total	   serum	  of	   rabbits	   and	   that	   of	   the	  previous	  samples	  with	  high	  antibody	  titter	  were	  collected	  and	  stored	  at	  -­‐20	  °C.	  Polyclonal	   anti-­‐PLTX	   antibodies	   were	   affinity	   purified	   from	   rabbit	   sera	   diluted	  1:10	   (v/v)	   in	   10	  mM	  Tris	   buffer	   pH	   7.5,	   using	   a	   2	  mL	   Sepharose	   CNBr	   (0.45	   g)	  immunoaffinity	  column.	  The	  gel	  was	  swelled	   in	  15	  volumes	  of	  1	  mM	  HCl	  at	  0	   °C,	  washed	  exhaustively	  with	  0.5	  M	  phosphate	  buffer	  pH	  7.5,	  and	  coupled	  with	  3	  mg	  of	  PLTX	  in	  0.5	  M	  phosphate	  buffer	  pH	  7.5,	  overnight.	  After	  washing	  with	  two	  volumes	  of	   the	   same	  buffer,	   another	  washing	   step	  was	   carried	  out	  with	  5	  mM	  phosphate	  buffer	  and	  1	  M	  NaCl,	  pH	  7.5.	  The	  gel	  was	   then	  saturated	  overnight	  with	  100	  mM	  ethanolamine	  buffer	  pH	  7.5	  at	  0	  °C.	  Subsequent	  washings	  were	  carried	  out	  with	  10	  volumes	  of	  each	  of	  the	  following	  buffers:	  10	  mM	  Tris	  pH	  7.5,	  100	  mM	  glycine	  pH	  2.5,	  10	  mM	  Tris	  pH	  8.8,	  100	  mM	  triethylamine	  pH	  11.5	  and	  10	  mM	  Tris	  pH	  7.5.	  	  Aliquots	  (2	  mL)	  of	  rabbit	   immune	  serum	  were	  diluted	  1:10	  in	  10	  mM	  Tris	  buffer	  pH	  7.5	  and	  loaded	  on	  the	  Sepharose	  gel	  column	  by	  gravity.	  The	  column	  was	  then	  washed	  with	  20	  volumes	  of	  10	  mM	  Tris	  buffer	  pH	  7.5	  and	  20	  volumes	  of	  10	  mM	  Tris	  buffer	  pH	  7.5	  and	  500	  mM	  NaCl.	  Glycine	  (100	  mM,	  pH	  2.5)	  was	  used	  as	  elution	  buffer.	   Fractions	   (1	   mL)	   were	   collected	   in	   100	   µL	   1	   M	   Tris	   buffer,	   pH	   8.0,	   and	  dialyzed	   in	   2	   L	   phosphate	   buffered	   saline	   overnight	   (6-­‐8000	   Da	   cellulose	  membrane).	   Dialyzed	   fractions	   were	   concentrated	   using	   Amicon®	   Ultra-­‐15	  centrifugal	   filter	   devices,	   following	   the	   manufacturer’s	   directions,	   and	   final	  antibody	  concentrations	  were	  evaluated	  photometrically	  (280	  nm).	  	  
3.2.4.2.	  Biotinylation	  of	  palytoxin	  Palytoxin	  was	  biotinylated	  at	  the	  terminal	  primary	  amino	  group	  by	  reaction	  with	  biotin	   via	   N-­‐hydroxysuccinimide	   activation,	   in	   collaboration	   with	   the	   group	  coordinated	   by	   Prof.	   F.	   Benedetti	   (Department	   of	   Chemical	   and	   Pharmaceutical	  Sciences,	  University	  of	  Trieste).	  Palytoxin	  (4.8	  mg)	  was	  dissolved	  in	  1	  mL	  of	  water,	  biotin	   N-­‐hydroxysuccinimide	   ester	   (0.5	   mg)	   was	   added	   and	   the	   solution	   was	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stirred	   at	   room	   temperature	   for	   24	   h.	   The	   solution	   was	   then	   washed	   with	  dichloromethane	   (3	   x	   0.5	   mL)	   and	   the	   formation	   of	   biotinylated	   PLTX	   was	  confirmed	  by	  mass	  spectrometry.	  Analysis	  (electrospray	  ionization)	  demonstrated	  an	  m/z	  of	  2929.2	  [M+Na]+,	  which	  corresponds	  to	  the	  sodium-­‐associated	  molecular	  ion	  and	  shows	  the	  expected	  increase	  of	  226	  mass	  units	  from	  the	  molecular	  weight	  of	  PLTX	  +	  Na	  (2703).	  Biotinylated	  PLTX	  was	  stored	  at	  -­‐20	  °C	  until	  use.	  
	  
	  
3.2.4.3.	  Indirect	  sandwich	  ELISA	  	  Anti-­‐palytoxin	   monoclonal	   antibody	   was	   diluted	   in	   phosphate	   buffered	   saline	  (PBS;	   20	   µg/mL)	   immediately	   before	   use.	   Multi-­‐well	   strips	   coated	   with	   100	  µL/well	   of	   the	   antibody	   solution	  were	   incubated	   for	   16	   h	   at	   4°C.	   Each	  well	  was	  washed	  with	   PBS	   and	   blocked	   for	   1	   h	   at	   room	   temperature	  with	   200	   µl	   of	   2	  %	  skimmed	  milk	  (w/v)	  dissolved	  in	  PBS	  containing	  0.1	  %	  Tween	  20	  (PBS-­‐Tw).	  The	  wells	   were	   then	   incubated	   for	   2	   h	   at	   room	   temperature	   with	   different	  concentrations	   of	   toxin	   (100	   µL)	   diluted	   in	   PBS-­‐Tw	   containing	   ovalbumin	   (1	  mg/mL).	   After	   washing	  with	   PBS-­‐Tw,	   followed	   by	  washing	  with	   PBS,	   100	   µL	   of	  purified	   anti-­‐palytoxin	   polyclonal	   antibodies	   (0.17	   µg/mL)	   were	   added	   and	   the	  wells	   incubated	   for	   2	   h	   at	   room	   temperature.	   After	   washing,	   100	   µL	   of	   HRP-­‐conjugated	   goat	   anti-­‐rabbit	   polyclonal	   antibodies	   (1:2000)	   were	   added	   to	   each	  well	   and	   incubated	   for	   1	   h	   at	   room	   temperature.	   All	   antibodies	  were	   diluted	   in	  blocking	   solution.	   After	   washing,	   3,3’,5,5’-­‐tetramethylbenzidine	   liquid	   substrate	  (60	  µL)	  was	  added	  to	  each	  well	  and	  the	  developing	  reaction	  was	  stopped	  after	  30	  min	   by	   30	   µL	   of	   1	   M	   H2SO4.	   The	   absorbance	   was	   read	   at	   450	   nm	   (Spectra®	  Photometer;	  Tecan	  Italia;	  Milan,	  Italy).	  Each	  determination	  was	  performed	  in	  triplicate	  and	  each	  value	  was	  expressed	  as	  the	  average	  of	  three	  readings,	  which	  has	  been	  subtracted	  from	  the	  average	  of	  the	  negative	  control.	  	  
3.2.4.4.	  Evaluation	  of	  matrix	  effect	  and	  recovery	  To	   evaluate	   the	   applicability	   of	   the	   ELISA	   to	   quantify	   palytoxin	   in	   shellfish	   and	  microalgae,	   two	   matrices	   (Mytilus	   galloprovincialis	   edible	   parts	   and	   microalgae)	  free	  of	  palytoxin	  were	  extracted,	  as	  described	  below.	  Each	  matrix	  was	  previously	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analysed	  by	  LC-­‐MS/MS	   to	   confirm	  palytoxin	  absence.	  Mussel’s	  homogenate	   (1	  g)	  was	  extracted	  three	  times	  by	  homogenization	  (14,000	  rpm,	  3	  minutes)	  with	  3	  mL	  of	   80	   %	   aqueous	   methanol,	   followed	   by	   centrifugation	   at	   5,500	   rpm	   for	   30	  minutes.	   The	   supernatants	   were	   pooled,	   gently	   dried	   under	   vacuum,	   and	   the	  residue	   was	   dissolved	   in	   1	   mL	   80	   %	   aqueous	   methanol,	   obtaining	   1	   g	   meat	  equivalents/mL.	  Microalgae	  (1	  g)	  were	  extracted	  following	  the	  procedure	  reported	  by	  Ciminiello	  et	  al.	  (2006).	  Microalgae	  were	  sonicated	  with	  4	  mL	  of	  50	  %	  aqueous	  methanol	  for	  3	  minutes	  in	  pulse	  mode,	  while	  cooling	  in	  ice	  bath.	  After	  centrifugation	  at	  5,500	  rpm	  for	   30	  minutes,	   the	   supernatant	  was	   decanted,	   and	   the	   pellet	  was	  washed	   twice	  with	   3	   mL	   of	   50	   %	   aqueous	   methanol.	   The	   extracts	   were	   combined,	   and	   the	  volume	  was	  adjusted	  to	  10	  mL	  with	  50	  %	  aqueous	  methanol,	  obtaining	  a	  sample	  containing	  0.1	  g	  microalgae	  equivalents/mL.	  In	  order	  to	  evaluate	  the	  matrix	  effect,	  dilutions	  (1:1,	  1:10,	  1:100)	  of	  palytoxin-­‐free	  extracts	   of	   mussels	   and	   microalgae	   were	   spiked	   with	   known	   toxin	   amounts	   to	  obtain	  a	  series	  of	  matrix	  matched-­‐samples	  at	  palytoxin	  levels	  ranging	  from	  1.25	  to	  80	  ng/mL.	  Each	  sample	  was	  then	  analysed	  by	  the	  ELISA,	  as	  previously	  described.	  To	   evaluate	  palytoxin	   recovery	   from	   the	   two	  matrices,	   samples	   of	   palytoxin-­‐free	  mussels	  and	  microalgae	  were	  spiked	  with	  palytoxin	  (before	  extraction),	  to	  obtain	  samples	   with	   different	   degrees	   of	   contamination	   (mussels:	   1	   g	   at	   125.0,	   250.0,	  375.0	   ng	   PLTX/g;	   microalgae:	   1	   g	   at	   31.2,	   62.5,	   125.0,	   250.0	   ng	   PLTX/g).	   Each	  spiked	   sample	   was	   then	   extracted	   and	   analysed	   by	   the	   ELISA,	   as	   previously	  described.	  	  
3.2.4.5.	  Preparation	  of	  Ostreopsis	  extracts	  	  Samples	   of	   Ostreopsis,	   collected	   along	   Portuguese	   coasts,	   were	   submitted	   to	  extraction	   for	  palytoxins	  analysis	  by	  ELISA	  and	  LC-­‐MS/MS.	  The	  whole	  volume	  of	  each	  algal	   sample	   (Ostreopsis	  ovata	   from	  Algarve	  and	  Madeira;	  O.	  siamensis	   from	  Cascais)	  was	  filtered	  by	  gravity	  on	  0.45	  µm	  filters	  and	  re-­‐suspended	  in	  methanol.	  The	  methanol	  volumes	  were	  adjusted	  on	  the	  basis	  of	  the	  amount	  of	  cells	  per	  mL.	  The	   sample	   from	  Algarve	   coast	   (511	   cells/L)	  was	  extracted	  with	  10	  mL	  of	  50	  %	  aqueous	   methanol	   (v/v)	   by	   ultrasounds	   for	   3	   minutes,	   to	   break	   the	   cells.	   The	  sample	  was	   then	   centrifuged	   at	   5,500	   rpm	   for	   5	  minutes,	   and	   the	  pellet	  was	   re-­‐
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extracted	   with	   10	   mL	   of	   aqueous	   methanol	   by	   vortex.	   The	   supernatants	   were	  pooled	   and	   the	   volume	  was	   adjusted	   to	   20	  mL	  with	   the	   extracting	   solvent.	   The	  Cascais	  sample	  (302	  cells/L)	  was	  extracted	  by	  the	  same	  procedure,	  using	  8	  mL	  of	  extracting	  solvent	  each	  time,	  and	  adjusting	  volume	  of	  the	  pooled	  supernatants	  to	  16	  mL.	  The	  sample	  from	  Madeira	  Island	  (103	  cells/L)	  was	  extracted	  using	  5	  mL	  of	  extracting	  solvents	  each	  time,	  and	  adjusting	  the	  final	  volume	  of	  the	  supernatants	  to	  10	  mL.	  All	   the	  samples	  dilutions	  were	  filtered	  on	  0.22	  µm	  microfilters	  before	  the	  analysis.	  	  
	  
3.2.4.6.	  ELISA	  data	  analysis	  	  Results	  of	  ELISA	  assay	  are	  presented	  as	  mean	  ±	  standard	  error	  (SEM)	  from	  at	  least	  three	   independent	   experiments	   performed	   in	   duplicate.	   Linearity	   (r2)	   of	   the	  calibration	  curve	  was	  estimated	  by	  linear	  regression	  analysis,	  using	  the	  SigmaPlot	  software	  (Jandel	  Scientific;	  Erkrath,	  Germany).	  Palytoxin	  calibration	  curve	  and	  the	  curves	  of	  its	  analogues	  were	  compared	  by	  two-­‐way	  ANOVA	  statistical	  analysis	  and	  Bonferroni	   post	   test	   (GraphPad	   Prism;	   GraphPad	   Software,	   Inc.,	   San	   Diego,	   CA,	  USA)	   and	   significant	   differences	   were	   considered	   at	   p	   <	   0.05.	   EC50	   (effective	  concentration	  giving	  50	  %	  of	  the	  maximal	  response)	  was	  calculated	  by	  nonlinear	  regression	   using	   a	   four	   parameters	   curve-­‐fitting	   algorithm	   of	   the	   SigmaPlot	  software	  (Jandel	  Scientific).	  Limits	   of	   detection	   (LOD)	   and	   quantitation	   (LOQ),	   accuracy,	   precision	   and	  repeatability	  parameters	  were	  calculated	  according	  to	  the	  international	  principles	  as	  described	  by	  Eurachem	  Guide,	  1988.	  LOD	  and	  LOQ	  were	  expressed	  as	  the	  toxin	  concentration	  corresponding	  to	  the	  average	  of	  10	  blank	  values	  plus	  3	  or	  10	  times	  the	  standard	  deviations,	  respectively.	  Accuracy	  was	  measured	  as	  %	  bias	  (n	  =	  10),	  calculated	  as	  %	  difference	  between	  palytoxin	  concentration	  measured	  by	  the	  assay	  and	   the	   theoretical	   concentration	   in	   the	   sample.	   Repeatability	  was	   expressed	   as	  relative	  standard	  deviation	  of	  repeatability	  (RSDr),	  measured	  as	  %	  ratio	  between	  the	  standard	  deviation	  of	  independent	  results	  and	  their	  mean	  value.	  	  Both	   independent	   results	  obtained	  by	   the	   same	  operator	   in	  one	  day	   (intra-­‐assay	  RSDr;	   n	   =	   10)	   and	   within	   a	   6-­‐month	   period	   by	   different	   operators	   (inter-­‐assay	  RSDr;	  n	  =	  10)	  were	  considered.	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3.2.5.	  DETECTION	  OF	  PALYTOXINS	  IN	  OSTREOPSIS	  CELLS	  BY	  LC-­‐MS/MS	  	  	  Extracts	   of	   the	  natural	  Ostreopsis	   cells	   samples,	   prepared	   as	  previously	   reported	  for	   the	   ELISA,	   were	   analysed	   by	   LC-­‐MS/MS.	   The	   method	   for	   the	   analysis	   was	  initially	  optimized	  as	  explained	  below.	  Chromatographic	  separation	  was	  carried	  out	  using	  an	  Agilent	  1290	  Infinity	  UHPLC	  system	   consisting	   of	   a	   binary	   pump,	   a	   high	   performance	   autosampler,	   and	   a	  thermostated	   column	  compartment.	  The	   study	  was	  based	  on	   the	  optimization	  of	  	  LC-­‐MS/MS	  method	   reported	  by	  Ciminiello	   et	   al.	   (2008).	   In	   particular,	   LC-­‐MS/MS	  analyses	   were	   carried	   out	   using	   a	   3	   µm	   Gemini	   C18	   (150	   x	   2.00	   mm)	   column	  (Phenomenex)	  maintained	   at	   room	   temperature	   and	   eluted	   at	   0.2	  mL/min	  with	  water	   (Eluent	  A)	  and	  95%	  acetronitile/water	   (Eluent	  B),	  both	  containing	  30	  mM	  acetic	   acid.	   The	   following	   gradient	   systems	   were	   also	   proposed:	   a	   fast	   gradient	  elution	   (20%	   to	   100%	   B	   over	   10	   minutes	   and	   hold	   5	   minutes),	   which	   allowed	  elution	  of	  palytoxin	  at	  6.60	  minutes,	  and	  a	  slow	  gradient	  elution	  (20%	  to	  50%	  B	  over	  20	  minutes,	  50%	  to	  80%	  B	  over	  10	  minutes,	  80%	  to	  100%	  B	  in	  1	  minute,	  and	  hold	   5	   minutes),	   which	   allowed	   chromatographic	   separation	   between	   palytoxin	  and	  ovatoxin-­‐a.	  Mass	  spectral	  experiments	  were	  carried	  out	  with	  LC-­‐MS	  systems:	  an	   Agilent	   1100	   LC	   binary	   system	   coupled	   to	   a	   PE-­‐SCIEX	   API	   2000	   triple-­‐quadrupole	  MS	  equipped	  with	  a	  Turbospray	  source.	  	  	  The	   following	   chromatographic	   parameters	   were	   investigated	   and	   optimized:	  gradient,	   acetic	   acid	   content,	   flow.	   Diluted	   samples	   and	   standards	   (10	   µL)	  were	  injected	   without	   any	   further	   clean-­‐up.	   The	   samples	   in	   the	   autosampler	   were	  cooled	   to	   7ºC.	  MS	   detection	  was	   performed	   using	   an	   Agilent	   Technologies	   6460	  TripleQuad	   LC/MS	   triple	   quadrupole	   mass	   spectrometer	   (Agilent	   Technologies;	  Santa	  Clara,	  USA).	  	  On	  the	  other	  hand	  the	  following	  key	  parameters	  were	  also	  optimized:	  	  
- Fragmentor	  (V)	  
- Collision	  Energy	  (50	  eV)	  
- Gas	  Temperature	  (300	  °C)	  
- Flow	  (L/min)	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- Nebulizer	  (psi)	  
- Sheath	  Gas	  Temperature	  (°C)	  
- Sheath	  Gas	  Flow	  (L/min)	  
- Capillary	  Voltage	  (5500	  V)	  
- Noozle	  Voltage	  (V)	  	  	  MS	  detection	  was	  carried	  out	   in	  positive	   ion	  mode.	  The	  Full	  SCAN	  mode	  method	  was	   carried	   out	   using	   a	   Fragmentor	   of	   100	   V	   and	   in	   the	   range	  m/z	   700-­‐1500.	  Selected	   Ion	  Monitoring	   (SIM)	  was	  carried	  out	   selecting	   the	  327.1	   ion	   transition,	  with	   a	   Fragmentator	   of	   380	   V	   and	   a	   Dwell	   time	   of	   200	   ms.	   This	   transition	  corresponds	  to	  the	  common	  fragment,	  to	  the	  shared	  A	  moiety	  by	  all	  the	  toxins	  of	  the	  PLTX	  group.	  Ciminiello	   et	   al.	   (2008)	   carried	   out	   the	   LC-­‐MS	   analysis	   in	   Multiple	   Reaction	  Monitoring	  (MRM)	  mode	  by	  monitoring	  the	  representative	  transitions	  m/z	  1340.7	  —>	  327.1	  (Declustering	  Potential	  of	  8	  V),	  1331.7	  —>	  327.1	  (DP	  =	  8	  V)	  and	  906.1	  —>	   327.1	   (DP	   =	   50V)	   for	   ovatoxin-­‐a.	   The	   transitions	  m/z	   1340.7	   —>	   327.1	   and	  1324.7	  —>	  327.1,	  were	  used	  for	  quantitation	  of	  putative	  palytoxin	  and	  ovatoxin-­‐a,	  respectively.	  	  For	   the	   confirmation	   of	   the	   quantitative	   results	   obtained	   for	   ovatoxin-­‐a,	  Ciminiello’s	  group	  used	  the	  Selected	  Ion	  Monitoring	  (SIM).	  The	  following	  ions	  were	  monitored	  for	  ovatoxin-­‐a	  m/z	  890.1,	  896.1,	  1297.7,	  1306.7,	  1315.7,	  1324.7,	  1335.7,	  1343.7	  whereas	  the	  following	  ions	  were	  monitored	  for	  palytoxin	  m/z	  906.1,	  901.1,	  1313.7,	  1322.7,	  1331.7,	  1340.7,	  1351.7,	  1359.7.	  	  After	  the	  optimization	  of	  all	  the	  parameters	  for	  the	  LC-­‐MS/MS	  analysis	  and	  when	  the	   calibration	   curve	  was	   done	   basing	   the	   experiments	   in	   PLTX	   standard,	   three	  samples	   from	   the	   South	   Coast	   of	   Portugal	   were	   analysed	   and	   quantified.	   These	  samples	   were	   gently	   yielded	   by	   Dr.	   Pedro	   Reis	   from	   the	   IPIMAR	   of	   Lisbon	  (Portugal).	  	  Quantitative	  results	  were	  obtained	  by	  direct	  comparison	  of	  peak	  areas	  to	  standard	  solutions	  of	  palytoxin	  at	  similar	  concentration	   injected	   in	   the	  same	  experimental	  conditions.	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3.2.5.1.	  Derivatization	  Strata-­‐X	  Polymeric	  Solid	  Phase	  Extraction	  Sorbents	  (SPE)(Fig.	  33)	  reversed	  phase	  sorbent	  retains	  analytes	  by	  hydrophobic	   interaction	  and	  has	  H-­‐	  and	  π-­‐π	  bonding	  capabilities	  for	  enhanced	  retention	  of	  polar	  and	  aromatic	  analytes.	  The	  enhanced	  retention	  mechanism	   of	   Strata-­‐X	   SPE	   can	   be	   very	   powerful	   for	   applications	   that	  require	   simultaneous	   extraction	   of	   polar	   analytes	   and	   non-­‐polar	   parent	  compounds.	  The	  strong	  retention	  mechanisms	  of	  Strata-­‐X	  SPE	  allow	  for	  aggressive	  washing	   with	   organic	   solvents	   to	   remove	   impurities	   without	   breakthrough	   of	  analyte.	  Strata-­‐X	  SPE	  offers	  reversed	  phase	  selectivity	  without	  the	  limitations	  such	  as	  improper	  clean-­‐up,	  breakthrough,	  pH	  considerations,	  and	  method	  development	  concerns.	  Strata-­‐X	  Polymeric	  Solid	  Phase	  Extraction	  Sorbents	  (SPE)	  provides	  clean	  samples	  and	  high	  recoveries	  for	  polar	  and	  non-­‐polar	  compounds.	  	  	  
	  Figure	  33:	  Strata-­‐X	  stationary	  phase.	  	  	  	  The	   derivatization	   of	   palytoxin	   was	   carried	   out	   as	   reported	   by	   Selwood	   et	   al.	  (2012).	  In	  particular,	  palytoxin	  and	  algal	  extracts	  were	  loaded	  onto	  60	  mg	  Strata-­‐X	  SPE	  cartridge	  (Phenomenex),	  pre-­‐conditioned	  with	  3	  mL	  methanol	   followed	  by	  3	  mL	  Milli-­‐Q	  water.	  The	  sample	  (1	  mL)	  or	  standard	  was	  loaded	  in	  the	  Strata-­‐X	  SPE	  column	  drop	  by	  drop	  in	  order	  that	  the	  molecule	  was	  retained	  in	  the	  column.	  The	  column	  was	  washed	  with	  2	  mL	  methanol:water	  (2:3	  v/v)	  followed	  by	  2	  mL	  Milli-­‐Q	  water.	  The	   sample	  or	   standard	  was	   then	  oxidized	  on	   the	  SPE	  column	  by	  passing	  through	  2	  mL	  of	   50	  mM	  periodic	   acid	   at	   ca	   1	  mL/min.	   The	   column	  was	  washed	  with	  2	  mL	  Milli-­‐Q	  water	  and	  the	  oxidation	  products	  were	  then	  eluted	  using	  3	  mL	  of	  methanol-­‐water	   (3:2	   v/v)	   containing	  0.1	  %	   v/v	   acetic	  acid.	  The	  eluent	  was	   filtered	  using	   0.22	   µm	   Millipore	   filter	   and	   transferred	   into	   a	   glass	   vial	   for	   LC-­‐MS/MS	  analysis.	  Oxidation	  of	  palytoxins	  or	  ovatoxins	  using	  periodic	   acid	   generates	   two-­‐
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nitrogen	   containing	   aldehyde	   fragments;	   an	   amino	   aldehyde	   common	   to	   these	  toxins,	  and	  an	  amide	  aldehyde	  that	  may	  vary	  depending	  on	  toxin	  type.	  A	  vacuum	  system	  was	  used	  to	  load	  the	  reagents	  and	  the	  samples,	  if	  needed.	  The	  MRM	  mode	  analysis	  after	  oxidation	  step	  was	  carried	  out	  basing	   in	   two	  main	  molecule	  fragments	  obtained	  after	  the	  derivatization	  of	  the	  toxin.	  These	  fragments	  were	   m/z	   300.2	   and	   343.2,	   corresponding	   to	   the	   amino	   aldehyde	   and	   amide	  aldehyde,	  respectively,	  and	  wee	  selected	  as	  Precursor	  Ions.	  	  For	   each	   one	   of	   them,	   two	   transitions	   were	   selected	   in	   order	   to	   have	   one	  qualitative	   and	   other	   quantitative	   transition,	   as	   Product	   Ions.	   For	   the	   amino	  aldehyde	  fragment	  (m/z	  300.2),	  the	  300.2	  —>	  107.1	  (q)	  and	  300.2	  —>	  221.2	  (Q)	  were	   selected.	  On	   the	  other	  hand,	   342.2	  —>	  123.3	   and	  342.2	  —>	  76.1	  were	   the	  selected	  transitions	  for	  the	  amide	  aldehyde	  fragment	  (m/z	  343.2).	  	  
	  
	  
3.2.6.	  EVALUATION	  OF	  PALYTOXIN	  CYTOTOXICITY	  ON	  CARDIOMYOCYTES	  	  
3.2.6.1.	  Primary	  cultures	  of	  cardiomyocytes	  Rat	  cardiomyocytes	  were	  isolated	  as	  described	  by	  Harary	  and	  Farley	  (1963),	  with	  modifications.	  Experiments	  complied	  with	  the	  Italian	  Decree	  n.	  116/1992	  s	  well	  as	  the	  EU	  Directive	  2010/63/EU)	  and	  the	  European	  Convention	  ETS	  123.	  	  Briefly,	   1-­‐to	   3-­‐day-­‐old	  Wistar	   rats,	   obtained	   from	   a	   local	   conventional	   breeding	  colony,	  were	   euthanized	   by	   decapitation	   and	   allowed	   to	   bleed.	   The	   hearts	  were	  aseptically	  removed	  by	  surgical	  dissection,	  taking	  ventricles	  only,	  placed	  in	  a	  Petri	  dish	   containing	   ice-­‐cold	   Ca2+	   and	   Mg2+-­‐free	   Hank’s	   balanced	   salt	   solution	   and	  washed	  thoroughly	   to	  remove	  excess	  blood.	  The	  hearts	  were	  minced	   into	  1	  mm3	  fragments,	  Hank’s	  solution	  was	  replaced	  by	  10	  mL	  of	  trypsin	  solution	  (0.1	  %	  w/v),	  and	  the	  preparation	  was	  transferred	  to	  a	  trypsinator	  at	  32	  °C-­‐35	  °C	  with	  a	  stirring	  rate	   of	   150-­‐200	   rpm	   for	   15	  minutes.	   Fragments	  were	   allowed	   to	   settle,	   and	   the	  supernatant	  was	  removed	  after	  each	  trypsinization.	  	  The	   first	   trypsinization,	   containing	  mainly	  cell	  debris,	   red	  blood	  cells,	  pericardial	  and	   endothelial	   cells,	  was	  discarded.	   Cells	   from	   subsequent	   trypsinizations	  were	  collected	  in	  50	  mL	  sterile	  Falcon	  tubes,	  20	  mL	  of	  complete	  growth	  medium	  (Ham’s	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F10	  culture	  medium	  with	  10	  %	  horse	  serum,	  10	  %	  foetal	  bovine	  serum,	  200.000	  U/L	   penicillin,	   0.2	   g/L	   streptomycin)	   was	   added,	   and	   the	   suspension	   was	  centrifuged	  at	  150	  g	  for	  10	  minutes	  at	  4	  °C.	  The	  pellet	  was	  re-­‐suspended	  in	  2	  mL	  of	  growth	  medium	  and	  stored	  on	  ice.	  Trypsinizations	  were	  repeated	  until	  all	   the	   fragments	  were	  dissociated	  (seven	   to	  nine	   trypsinizations).	   The	   cell	   suspensions	   obtained	  were	   combined	   and	   passed	  through	   a	   sterile	   mesh	   in	   order	   to	   exclude	   undissociated	   cells.	   Cells	   were	   pre-­‐plated	   in	   complete	   growth	  medium	  onto	   a	  100	  mm	  diameter	  Petri	   dish	   (1	   x	  106	  cells/mL,	  10	  mL/dish)	  and	  incubated	  at	  37	  °C	  in	  an	  atmosphere	  of	  95	  %	  air	  and	  5	  %	  CO2.	  After	  2	  h,	  dishes	  were	  shaken,	  and	  the	  unattached	  cells	  were	  collected	  and	  counted;	   nonmuscular	   cells	   exhibit	   a	   more	   rapid	   attachment;	   hence,	   the	  suspension	  contained	  a	  highly	  enriched	  cardiomyocytes	  population	  (Dell’Ovo	  et	  al.,	  2008).	  	  Cells	   were	   seeded	   at	   the	   density	   required	   for	   the	   experiments	   (±2.5	   x	   105	  cells/mL)	   and	   used	   2-­‐4	   days	   after	   plating.	   Within	   24	   h	   of	   initial	   culture,	  cardiomyocytes	  started	  to	  exhibit	  spontaneous	  rhythmic	  contractions.	  Each	  assay	  was	   carried	   out	   in	   two	   different	   days	   with	   two	   cell	   preparations	   each	   day	   (in	  duplicate	  per	  day).	  	  
3.2.6.2.	  MTT	  assay	  Yellow	   3-­‐(4,5-­‐dimethylthiazol-­‐2-­‐yl)-­‐2,5-­‐diphenyltetrazolium	   bromide	   (MTT)	   is	   a	  compound	   reduced	   to	   purple	   formazan	   in	   the	  mitochondria	   of	   living	   cells.	   Thus,	  this	   conversion	   is	   directly	   related	   to	   mitochondrial	   activity	   of	   viable	   cells	  (Mosmann,	  1983).	  Cells	  were	  seeded	  into	  96-­‐well	  plates	  at	  a	  cell	  density	  of	  0.25	  x	  106	  cells/mL	  (200	  
µL/well)	   in	   complete	   medium.	   After	   24	   h,	   cells	   were	   exposed	   to	   increasing	  concentrations	   of	   PLTX	   (0.00056-­‐100	  nM)	   for	  4	  h	   or	  15	  h.	   	   Then,	   the	   cells	  were	  washed	  and	  the	  wells	  were	  refilled	  with	  fresh	  culture	  medium	  containing	  5	  mg/mL	  MTT.	  After,	  4	  h	   incubation,	   the	  medium	  was	  removed	  by	  vacuum	  aspiration,	  and	  cellular	  crystals	  were	  solubilized	  with	  200	  µL	  of	  DMSO.	  Absorbance	  was	  measured	  on	  an	  Automated	  Microplate	  Reader	  EL	  311s	  (Bio-­‐Tek	  Instruments;	  Winooski,	  VT)	  with	  a	  reference	  wavelength	  of	  570	  nm.	  Each	  experiment	  was	  performed	  using	  4	  replicate	  wells	  for	  each	  toxin	  concentration.	  Data	  are	  reported	  as	  %	  of	  control	  and	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are	  the	  means	  ±	  standard	  error	  (S.E.)	  of	  4	  independent	  experiments	  performed	  in	  triplicate.	  EC50	  values	  (concentration	  of	  palytoxin	  reducing	  mitochondrial	  activity	  by	  50	  %)	  was	  calculated	  by	  non	  linear	  regression	  using	  a	  four	  parameters	  curve-­‐fitting	  algorithm	  of	  the	  SigmaPlot	  software	  (Jandel	  Scientific;	  Ekrath,	  Germany).	  	  
3.2.6.3.	  Sulforhodamine	  B	  assay	  Sulforhodamine	   B	   (SRB)	   assay	   is	   used	   to	   quantify	   cells	   mass,	   measuring	   the	  cellular	   protein	   content.	   Cells	   were	   seeded	   and	   exposed	   to	   PLTX	   (0.00056-­‐100	  nM),	   as	   described	   for	   MTT	   assay.	   At	   the	   end	   of	   incubation,	   the	   plates	   were	  centrifuged	   at	   350	   g	   for	   5	  minutes	   at	   room	   temperature,	   cells	   rinsed	   twice	  with	  100	  µL	  of	  Dulbecco	  phosphate	  buffered	  saline	  (PBS),	  and	  fixed	  with	  50	  µL	  of	  50	  %	  trichloroacetic	  acid.	  After	  1	  hour	  at	  4°C,	  wells	  were	  rinsed	  two	  times	  with	  100	  µL	  of	   bidistilled	   water,	   and	   an	   equal	   volume	   of	   SRB	   0.4	  %	   in	   1	  %	   acetic	   acid	   was	  added.	   After	   30	  minutes,	   cells	   were	  washed	  with	   100	  µL	   of	   1	  %	   acetic	   acid	   for	  three	  times	  to	  eliminate	  colorant	  excess	  and	  solubilized	  with	  200	  µL	  of	  10	  mM	  Tris	  base	  solution	  pH	  7.4	  (Skehan	  et	  al.,	  1990).	  Absorbance	   was	   read	   on	   an	   Automated	   Microplate	   Reader	   EL	   311s	   (Bio-­‐Tek	  Instruments)	   with	   a	   single	   wavelength	   of	   570	   nm.	   Data	   are	   reported	   as	   %	   of	  control	   and	  are	   the	  means	  ±	   standard	  error	   (S.E.)	   of	  4	   independent	   experiments	  performed	  in	  triplicate.	  EC50	  values	  (concentration	  of	  palytoxin	  reducing	  cell	  mass	  by	  50	  %)	  was	  calculated	  by	  non	  linear	  regression	  using	  a	  four	  parameters	  curve-­‐fitting	  algorithm	  of	  the	  SigmaPlot	  software	  (Jandel	  Scientific;	  Ekrath,	  Germany).	  
	   92	  
	  	  	  





4.	  RESULTS	  and	  DISCUSSION	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4.1.	  QUANTIFICATION	  OF	  OKADAIC	  ACID	  AND	  ITS	  DERIVATIVES	  IN	  MUSSELS	  	  Edible	  parts	   from	  mussel	  (Mytilus	  galloprovincialis)	  samples,	  collected	   in	  the	  Gulf	  of	  Trieste	  in	  2010	  and	  2011,	  were	  analysed	  for	  the	  presence	  of	  OA	  and	  its	  esters	  by	  protein	  phosphatase	  2A	  (PP2A)	   inhibition	  assay,	   following	  two	  protocols:	  (1)	   the	  PP2A	  inhibition	  assay	  set	  up	  at	  the	  University	  of	  Trieste	  (Tubaro	  et	  al.,	  1996;	  Della	  Loggia	   et	   al.,	   1999),	   which	   uses	   an	   enzyme	   isolated	   from	   rabbit	   skeletal	  muscle	  (Protocol	  1);	  (2)	  the	  commercial	  “DSP	  Rapid	  Kit	  96”	  (Tropical	  Technology	  Center	  Ltd;	  Okinawa,	  Japan),	  using	  a	  highly	  purified	  recombinant	  human	  PP2A	  C-­‐subunit	  (Protocol	  2).	  Each	  sample	  was	  analysed	  before	  and	  after	  shellfish	  cooking	   (up	   to	  the	  shell	  opening),	  in	  order	  to	  verify	  whether	  the	  heating	  procedure	  influences	  the	  toxins	   content.	   In	   addition,	   sample	   extracts	   were	   analysed	   without	   previous	  hydrolysis	   to	   quantify	   unesterified	   toxins,	  which	   inhibit	   PP2A,	   and	   after	   alkaline	  hydrolysis,	  which	  allows	  conversion	  of	  inactive	  esters	  to	  free	  okadaic	  acid	  and/or	  dinophysistoxin-­‐1,	   that	   inhibit	   the	   enzyme.	  Thus,	   analysis	   of	   hydrolysed	   extracts	  detected	   total	   OA	   group	   toxins,	   while	   the	   concentration	   of	   esterified	   toxins	  was	  calculated	  by	  the	  difference	  between	  the	  total	  and	  unesterified	  toxins.	  	  The	   results	  obtained	  by	   the	   two	  PP2A	   inhibition	  assays	  were	  compared	   to	   those	  obtained	   by	   liquid	   chromatography-­‐tandem	  mass	   spectrometry	   (LC-­‐MS/MS),	   the	  official	   method	   for	   marine	   biotoxins	   determination	   in	   shellfish	   (Commission	  Regulation	  (EU)	  No	  15/2011	  of	  10th	  January	  2011.	  Furthermore,	  the	  same	  samples	  were	   analysed	   by	   LC-­‐MS/MS	   for	   the	   presence	   of	   yessotoxin,	   a	   toxin	   frequently	  detected	  in	  the	  last	  years	  in	  Adriatic	  Sea	  mussels	  (Ciminiello	  et	  al.,	  2010).	  	  	  	  
4.1.1.	  ANALYSIS	  BY	  PROTEIN	  PHOSPHATASE	  2A	  INHBITION	  ASSAYS	  	  
4.1.1.1.	  Analysis	  by	  protein	  phosphatase	  inhibition	  assay	  –	  Protocol	  1	  By	   the	   Protocol	   1	   of	   the	   PP2A	   inhibition	   assay,	   the	   concentration	   of	   OA	   and	   its	  analogues	  was	  initially	  determined	  in	  19	  samples	  of	  uncooked	  mussels.	  The	  results	  reported	   in	  Table	  2	   show	  a	  different	  degree	  of	   their	   contamination:	   the	   total	  OA	  concentration	  ranged	  between	  0.03	  and	  0.71	  mg	  OA	  equivalents/kg	  edible	  parts,	  being	   higher	   than	   the	   European	   Union	   maximum	   limit	   (0.16	   mg/kg;	   European	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commission,	   2004)	   in	   11	   samples.	   The	   concentrations	   of	   the	   unesterified	   and	  esterified	  toxins	  were	  in	  the	  range	  of	  0.02-­‐0.36	  and	  0.01-­‐0.38	  mg/kg,	  respectively.	  The	  unesterified	  toxins	  represented	  42-­‐89	  %	  of	  the	  total	  OA	  and	  analogues.	  	  	   Table	  2:	  Concentration	  of	  okadaic	  acid	  and	  its	  derivatives	  in	  uncooked	  mussels	  	  measured	  by	  PP2A	  inhibition	  assay	  (Protocol	  1).	  
Samples	   OA	  equivalents	  (mg/kg	  edible	  tissues)	  Total toxins Unesterified toxins Esterified toxins 1	   0.70±0.08	   	   0.36±0.04	  (51%)	   	   0.34±0.12	  (49%)	   	  2	   0.71±0.05	   	   0.33±0.15	  (46%)	  	   	   0.38±0.05	  (54%)	   	  3	   0.53±0-­‐06	   	   0.24±0.11	  (45%)	   	   0.29±0.06	  (55%)	   	  4	   0.19±0.03	   	   0.13±0.03	  (68%)	   	   0.07±0.03	  (32%)	   	  5	   0.30±0.09	   	   0.17±0.05	  (57%)	   	   0.13±0.04	  (43%)	   	  6	   0.29±0.05	   	   0.18±0.07	  (62%)	   	   0.11±0.03	  (38%)	   	  7	   0.17±0.06	   	   0.10±0.03	  (59%)	   	   0.08±0.04	  (41%)	   	  8	   0.09±0.05	   	   0.05±0.02	  (55%)	   	   0.04±0.01	  (45%)	   	  9	   0.12±0.03	   	   0.08±0.05	  (67%)	   	   0.04±0.03	  (33%)	   	  10	   0.61±0.22	   	   0.31±0.14	  (51%)	   	   0.30±0.16	  (49%)	   	  11	   0.38±0.15	   	   0.16±0.08	  (42%)	   	   0.22±0.16	  (58%)	   	  12	   0.15±0.11	   	   0.08±0.05	  (53%)	   	   0.07±0.04	  (47%)	   	  13	   0.20±0.02	   	   0.13±0.01	  (65%)	   	   0.08±0.01	  (45%)	   	  14	   0.22±0.01	   	   0.14±0.01	  (64%)	   	   0.10±0.00	  (36%)	   	  15	   0.09±0.01	   	   0.08±0.00	  (89%)	   	   0.02±0.01	  (11%)	   	  16	   0.15±0.07	   	   0.11±0.03	  (73%)	   	   0.08±0.02	  (27%)	   	  17	   0.09±0.02	   	   0.06±0.01	  (67%)	   	   0.03±0.01	  (33%)	   	  18	   0.03±0.00	   	   0.02±0.01	  (67%)	   	   0.01±0.00	  (33%)	   	  19	   0.06±0.01	   	   0.05±0.00	  (83%)	   	   0.02±0.00	  (17%)	   	  Data	  are	  the	  mean	  ±	  S.E.	  of	  3	  determinations;	  in	  brackets,	  %	  with	  respect	  to	  total	  toxins.	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The	   total	   concentration	   of	   OA	   and	   its	   derivatives	   in	   the	   cooked	  mussels	   ranged	  between	  0.07	  and	  0.77	  mg	  OA	  equivalents/kg	  edible	  parts,	  while	   that	  of	   the	   free	  and	   esterified	   toxins	   were	   in	   the	   ranges	   of	   0.05-­‐0.38	   and	   0.02-­‐0.46	   mg/kg,	  respectively.	   Unesterified	   toxins	   represented	   38-­‐94	   %	   of	   the	   total	   OA	   and	  analogues	  (Table	  3).	  	  	   Table	  3:	  Concentration	  of	  okadaic	  acid	  and	  its	  derivatives	  in	  cooked	  mussels	  	  measured	  by	  PP2A	  inhibition	  assay	  (Protocol	  1)	  
Samples	   OA	  equivalents	  (mg/kg	  edible	  tissues)	  Total toxins Unesterified toxins Esterified toxins 1	   	   0.62±0.08	   	   0.38±0.04	  (61%)	   	   0.24±0.07	  (39%)	  2	   	   0.65±0.14	   	   0.31±0.10	  (48%)	   	   0.34±0.06	  (39%)	  3	   	   0.65±0.12	   	   0.34±0.07	  (52%)	   	   0.31±0.06	  (48%)	  4	   	   0.20±0.02	   	   0.15±0.04	  (75%)	   	   0.05±0.02	  (35%)	  5	   	   0.39±0.08	   	   0.19±0.06	  (49%)	   	   0.19±0.02	  (51%)	  6	   	   0.49±0.06	   	   0.28±0.04	  (57%)	   	   0.21±0.05	  (43%)	  7	   	   0.27±0.07	   	   0.17±0.04	  (63%)	   	   0.10±0.05	  (37%)	  8	   	   0.18±0.07	   	   0.11±0.03	  (61%)	   	   0.07±0.03	  (39%)	  9	   	   0.27±0.05	   	   0.18±0.02	  (67%)	   	   0.09±0.03	  (33%)	  10	   	   0.77±0.30	   	   0.31±0.14	  (40%)	   	   0.46±0.18	  (60%)	  11	   	   0.45±0.14	   	   0.26±0.12	  (58%)	   	   0.19±0.11	  (42%)	  12	   	   0.26±0.18	   	   0.10±0.06	  (38%)	   	   0.16±0.08	  (62%)	  13	   	   0.31±0.11	   	   0.16±0.04	  (52%)	   	   0.15±0.07	  (48%)	  14	   	   0.29±0.05	   	   0.17±0.03	  (59%)	   	   0.12±0.02	  (41%)	  15	   	   0.25±0.04	   	   0.22±0.02	  (88%)	   	   0.04±0.01	  (12%)	  16	   	   0.18±0.05	   	   0.17±0.02	  (94%)	   	   0.01±0.03	  (6%)	  17	   	   0.14±0.01	   	   0.11±0.01	  (78%)	   	   0.03±0.00	  (22%)	  18	   	   0.09±0.01	   	   0.07±0.01	  (78%)	   	   0.02±0.00	  (22%)	  19	   	   0.07±0.01	   	   0.05±0.00	  (71%)	   	   0.03±0.01	  (29%)	  Data	  are	  the	  mean	  ±	  S.E.	  of	  3	  determinations;	  in	  brackets,	  %	  with	  respect	  to	  total	  toxins.	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With	   respect	   to	   the	   uncooked	   mussels,	   in	   most	   of	   the	   samples	   the	   cooking	  procedure	   determined	   a	   slight	   increase	   of	   the	   toxins	   concentration,	   as	   shown	   in	  Fig.	  34	  for	  the	  total	  toxins	  concentration.	  This	  could	  be	  due	  to	  the	  water	  loss	  during	  heating	  that	  concentrated	  the	  toxins	  in	  the	  mussel	  tissues.	  In	  fact,	  since	  OA	  and	  its	  derivatives	  are	   lipophilic	   compounds,	   they	  are	  not	  dissolved	   in	   the	  water	   lost	  by	  heating	   but	   they	   rather	   remain	   in	   the	   mussel	   edible	   tissues	   with	   a	   consequent	  increase	  of	  their	  concentration.	   	  	  
	  Figure	  34:	  Comparison	  of	  total	  OAs	  concentration	  between	  uncooked	  and	  cooked	  mussels	  determined	  by	  PP2A	  inhibition	  assay	  (Protocol	  1;	  *p<0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data	  between	  the	  uncooked	  and	  cooked	  sample).	  	  	  
4.1.1.2.	  Analysis	  by	  protein	  phosphatase	  inhibition	  assay	  –	  Protocol	  2	  The	  first	  twelve	  samples,	  collected	  in	  2010,	  were	  analysed	  in	  parallel	  by	  the	  PP2A	  inhibition	  assay,	  using	  the	  "DSP	  Rapid	  Kit	  96"	  provided	  by	  the	  Tropical	  Technology	  Center	  Ltd.,	  Okinawa	   (Japan)	   (Protocol	   2).	  As	  previously	   reported,	  mussels	  were	  analysed	   before	   and	   after	   cooking,	   evaluating	   the	   concentration	   of	   total,	  unesterified	  and	  esterified	  toxins	  of	  the	  OA	  group.	  	  The	  results	  obtained	  by	  analysing	  the	  uncooked	  mussels	  are	  presented	  in	  Table	  4.	  The	  concentration	  of	  the	  total	  toxins	  of	  the	  OA	  group	  in	  uncooked	  mussels	  ranged	  between	  0.32	  and	  1.13	  mg/kg	  of	  edible	  tissues,	  higher	  than	  the	  maximum	  admitted	  level	   of	  0.16	  mg/kg	   (European	  Commission,	  2004).	  The	  unesterified	   toxins	  were	  
* * * 
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quantified	   at	   concentrations	   ranging	   between	   0.18	   and	   0.71	   mg/kg,	   while	   the	  concentration	   range	   of	   the	   esterified	   ones	   was	   0.00-­‐0.53	   mg/kg.	   The	   esterified	  toxins	  represent	  from	  48	  %	  to	  100	  %	  of	  the	  total	  toxins	  of	  the	  OA	  group	  (Table	  4).	  	  	   Table	  4:	  Concentration	  of	  okadaic	  acid	  and	  its	  derivatives	  in	  uncooked	  mussels	  measured	  by	  PP2A	  inhibition	  assay	  (Protocol	  2).	  	  
Samples	   OA	  equivalents	  (mg/kg	  edible	  tissues)	  Total	  toxins	   Unesterified	  toxins	   Esterified	  toxins	  1	   1.09	  ±	  0.13	   0.56	  ±	  0.05	  	  	  (51	  %)	   0.53	  ±	  0.05	  	  	  (49	  %)	  2	   1.13	  ±	  0.14	   0.71	  ±	  0.06	  	  	  (63	  %)	   0.42	  ±	  0.05	  	  	  (37	  %)	  3	   0.62	  ±	  0.03	   0.40	  ±	  0.09	  	  (65	  %)	   0.22	  ±	  0.03	  	  	  (35	  %)	  4	   0.41	  ±	  0.02	   0.41	  ±	  0.03	  	  (100	  %)	   0.0 ±	  0.00	  	  	  	  	  1.0 (0	  %)	  5	   0.50	  ±	  0.03	   0.38	  ±	  0.03	  	  	  (76	  %)	   0.12	  ±	  0.03	  	  	  (24	  %)	  6	   0.40	  ±	  0.12	   0.39	  ±	  0.02	  	  	  (97	  %)	   0.01	  ±	  0.01	  	  	  	  	  (3	  %)	  7	   0.37	  ±	  0.01	   0.24	  ±	  0.01	  	  	  (65	  %)	   0.13	  ±	  0.01	  	  	  (35	  %)	  8	   0.92	  ±	  0.12	   0.44	  ±	  0.05	  	  	  (48	  %)	   0.48	  ±	  0.05	  	  	  (52	  %)	  9	   0.50	  ±	  0.03	   0.27	  ±	  0.01	  	  	  (54	  %)	   0.23	  ±	  0.03	  	  	  (46	  %)	  10	   0.53	  ±	  0.04	   0.31	  ±	  0.01	  	  	  (58	  %)	   0.22	  ±	  0.02	  	  	  (42	  %)	  11	   0.59	  ±	  0.06	   0.41	  ±	  0.02	  	  	  (69	  %)	   0.18	  ±	  0.02	  	  	  (31	  %)	  12	   0.32	  ±	  0.00	   0.18	  ±	  0.01	  	  	  (56	  %)	   0.14	  ±	  0.01	  	  	  (44	  %)	  Data	  are	  the	  mean	  ±	  S.E.	  of	  3	  determinations;	  in	  brackets,	  %	  with	  respect	  to	  total	  toxins.	  	  	  The	   results	   obtained	   by	   the	   analysis	   of	   cooked	  mussels	   are	   reported	   in	   Table	   5.	  The	  concentrations	  of	   the	   total	   toxins	  of	   the	  OA	  group	   ranged	  between	  0.28	  and	  1.04	   mg/kg	   OA	   equivalents/kg	   edible	   parts,	   while	   the	   concentrations	   of	   the	  unesterified	  toxins	  ranged	  from	  0.25	  to	  0.65	  mg/kg,	  representing	  44-­‐96	  %	  of	  the	  total	  OA	  group	  toxins.	  The	  concentrations	  of	  esterified	  toxins	  ranged	  between	  0.01	  and	  0.48	  mg/kg	  (Table	  5).	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Table	  5:	  Concentration	  of	  okadaic	  acid	  and	  its	  derivatives	  in	  cooked	  mussels	  	  measured	  by	  PP2A	  inhibition	  assay	  (Protocol	  2).	  
Samples	   OA	  equivalents	  (mg/kg	  edible	  tissues)	  Total toxins Unesterified toxins Esterified toxins 1	   1.04 ± 0.05	   0.65 ± 0.05 (62 %)	   0.39 ± 0.04 (38 %)	  2	   0.98 ± 0.12	   0.57 ± 0.04   (58 %)	   0.41 ± 0.04   (42 %)	  3	   0.63 ± 0.05	   0.38 ± 0.03   (60 %)	   0.25 ± 0.03   (40 %)	  4	   0.45 ± 0.02	   0.29 ± 0.00   (64 %)	   0.16 ± 0.02   (36 %)	  5	   0.49 ± 0.02	   0.43 ± 0.02   (88 %)	   0.06 ± 0.02   (12 %)	  6	   0.65 ± 0.07	   0.44 ± 0.02   (68 %)	   0.21 ± 0.02   (32 %)	  7	   0.28 ± 0.09	   0.27 ± 0.01   (96 %)	   0.01 ± 0.01     (4 %)	  8	   0.86 ± 0.10	   0.38 ± 0.04   (44 %)	   0.48 ± 0.05   (36 %)	  9	   0.59 ± 0.03	   0.29 ± 0.02   (49 %)	   0.30 ± 0.03   (51 %)	  10	   0.53 ± 0.02	   0.28 ± 0.01   (53 %)	   0.25 ± 0.02   (47 %)	  11	   0.64 ± 0.05	   0.41 ± 0.03   (64 %)	   0.23 ± 0.02   (36 %)	  12	   0.34 ± 0.01	   0.25 ± 0.01   (74 %)	   0.09 ± 0.01   (26 %)	  Data	  are	  the	  mean	  ±	  S.E.	  of	  3	  determinations;	  in	  brackets,	  %	  with	  respect	  to	  total	  toxins.	  	  	  	  Comparing	  the	  results	  obtained	  analysing	  the	  uncooked	  and	  cooked	  mussels,	  some	  uncooked	  samples	  showed	  toxins	  concentration	  higher	  than	  that	  quantified	  in	  the	  corresponding	   cooked,	   while	   opposite	   results	   were	   obtained	   for	   other	   samples.	  However,	   these	  differences	  were	  not	   significant	   (Student’s	   t-­‐test	   for	  paired	  data)	  (Fig.	  35).	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  Figure	  35:	  Comparison	  of	  total	  OAs	  concentration	  between	  uncooked	  and	  cooked	  mussels	  measured	  by	  PP2A	  inhibition	  assay	  (Protocol	  2).	  	  	  	  
4.1.1.3.	  Comparison	  of	  results	  from	  the	  two	  protocols	  of	  PP2A	  inhibition	  assay	  	  The	  results	  obtained	  by	   the	  PP2A	   inhibition	  assay	  developed	  at	   the	  University	  of	  Trieste	  (Protocol	  1)	  were	  compared	  with	  those	  obtained	  using	  the	  "DSP	  Rapid	  Kit	  96"	  (Protocol	  2).	  Considering	  the	  uncooked	  mussels,	  it	  was	  observed	  that,	  for	  the	  majority	  of	  samples,	   the	  Japanese	  kit	  detected	  significantly	  higher	  concentrations	  of	  OA	  and	  analogues	  that	  the	  assay	  carried	  out	  using	  Protocol	  1,	  as	  shown	  in	  Fig.	  36	  for	  the	  total	  OA	  group	  toxins.	  	  Similarly,	   the	   concentrations	   of	   toxins	   quantified	   by	   the	   "DSP	   Rapid	   Kit	   96"	  (Protocol	   2)	   were	   significantly	   higher	   than	   those	   detected	   with	   the	   enzyme	  inhibition	  assay	  developed	  at	  the	  University	  of	  Trieste	  (Protocol	  1)	  in	  unesterified	  OA.	   Fig.	   37	   shows	   the	   data	   obtained	   by	   the	   two	   protocols	   related	   to	   the	  concentrations	  of	  the	  total	  OA	  group	  toxins	  in	  cooked	  samples.	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  Figure	  36:	  Total	  OAs	  concentration	  in	  uncooked	  mussels	  detected	  by	  the	  two	  PP2A	  protocols	  (*	  p	  <0.05	  at	  the	  Student’s	  t-­‐test	  with	  respect	  to	  the	  result	  of	  Protocol	  2	  for	  the	  same	  sample;	  p	  <0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data	  between	  Protocols	  1	  and	  2)	  	  	  	  	  	  
	  Figure	  37:	  Total	  OAs	  concentration	  in	  cooked	  mussels	  detected	  by	  the	  two	  PP2A	  protocols	  (*	  p	  <0.05	  at	  the	  Student’s	  t-­‐test	  with	  respect	  to	  the	  result	  of	  Protocol	  2	  for	  the	  same	  sample;	  p	  <0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data	  between	  Protocols	  1	  and	  2)	  	  	  	  	  	  
* * 
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4.1.2.	  ANALYSIS	  BY	  LC-­‐MS/MS	  AND	  COMPARISON	  WITH	  PP2A	  INHIBITION	  ASSAYS	  	  All	   the	   same	  mussel	   samples	  were	   analysed	  by	   LC-­‐MS/MS,	   in	   collaboration	  with	  the	  National	  Reference	  Laboratory	  for	  Marine	  Biotoxins	  of	  Cesenatico	  (Italy).	  The	  obtained	  results	  are	  reported	  in	  Tables	  6	  and	  7.	  	  Table	  6:	  Concentration	  of	  okadaic	  acid	  and	  its	  derivatives	  in	  uncooked	  mussels	  determined	  by	  LC-­‐MS/MS.	  Samples	   OA	  equivalents	  (mg/kg	  edible	  tissues)	  	  	  	  	  	  Total	  toxins	   	  	  Unesterified	  toxins	   Esterified	  toxins	  1	   0.64	  ±	  0.05	   0.38	  ±	  0.02	  	  (59%)	   0.26	  ±	  0.12	  	  (41%)	  2	   0.59	  ±	  0.05	   0.41	  ±	  0,02	  	  (69%)	   0.18	  ±	  0.02	  	  (31%)	  3	   0.47	  ±	  0.05	   0.36	  ±	  0.06	  	  (77%)	   0.11	  ±	  0.02	  	  (23%)	  4	   0.30	  ±	  0.03	   0.20	  ±	  0.05	  	  (67%)	   0.10	  ±	  0.02	  	  (33%)	  5	   0.48	  ±	  0.02	   0.32	  ±	  0.05	  	  (67%)	   0.16	  ±	  0.03	  	  (33%)	  6	   0.36	  ±	  0.02	   0.22	  ±	  0.03	  	  (61%)	   0.14	  ±	  0.03	  	  (39%)	  7	   0.17	  ±	  0.02	   0.13	  ±	  0.01	  	  (76%)	   0.04	  ±	  0.02	  	  (23%)	  8	   0.20	  ±	  0.03	   0.11	  ±	  0.02	  	  (55%)	   0.09	  ±	  0.02	  	  (45%)	  9	   0.17	  ±	  0,01	   0.17	  ±	  0,03	  	  (100%)	   0.0 ±	  0.00	  	  1.0 (0%)	  10	   0.64	  ±	  0.07	   0.55	  ±	  0.11	  	  (86%)	   0.09	  ±	  0.04	  	  (14%)	  11	   0.67	  ±	  0.07	   0.31	  ±	  0.02	  	  (46%)	   0.36	  ±	  0.04	  	  (54%)	  12	   0.31	  ±	  0.01	   0.16	  ±	  0.03	  	  (52%)	   0.15	  ±	  0.02	  	  (48%)	  13	   0.29	  ±	  0.01	   0.13	  ±	  0.01	  	  (45%)	   0.16	  ±	  0.01	  	  (55%)	  14	   0,30	  ±	  0.01	   0.14	  ±	  0.02	  	  (47%)	   0.16	  ±	  0.02	  	  (53%)	  15	   0.23	  ±	  0.01	   0.16	  ±	  0.01	  	  (69%)	   0.07	  ±	  0.01	  	  (31%)	  16	   0.22	  ±	  0.03	   0.15	  ±	  0.01	  	  (68%)	   0.07	  ±	  0.01	  	  (32%)	  17	   0.17	  ±	  0.01	   0.11	  ±	  0.01	  	  (65%)	   0.06	  ±	  0.01	  	  (35%)	  18	   0.12	  ±	  0.01	   0.05	  ±	  0.01	  	  (42%)	   0.07	  ±	  0.01	  	  (58%)	  19	   0.13	  ±	  0.01	   0.04	  ±	  0.01	  	  (31%)	   0.09	  ±	  0.01	  	  (69%)	  Data	  are	  the	  mean	  ±	  S.E.	  of	  3	  determinations;	  in	  brackets,	  %	  with	  respect	  to	  total	  toxins.	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  Table	  7:	  Concentration	  of	  okadaic	  acid	  and	  its	  derivatives	  in	  cooked	  mussels	  determined	  by	  LC-­‐MS/MS.	  Samples	   OA	  equivalents	  (mg/kg	  edible	  tissues)	  Total	  toxins	   Unesterified	  toxins	   Esterified	  toxins	  1	   0.53	  ±	  0.08	   0.13	  ±	  0.03	  	  	  (24	  %)	   0.30	  ±	  0.03	  	  	  (76	  %)	  2	   0.82	  ±	  0.04	   0.47	  ±	  0.06	  	  	  (57	  %)	   0.35	  ±	  0.04	  	  	  (43	  %)	  3	   0.71	  ±	  0.02	   0.38	  ±	  0.08	  	  	  (53	  %)	   0.33	  ±	  0.04	  	  	  (47	  %)	  4	   0.44	  ±	  0.02	   0.14	  ±	  0.02	  	  	  (32	  %)	   0.30	  ±	  0.03	  	  	  (68	  %)	  5	   0.41	  ±	  0.01	   0.17	  ±	  0.05	  	  	  (41	  %)	   0.24	  ±	  0.03	  	  	  (59	  %)	  6	   0.66	  ±	  0.06	   0.22	  ±	  0.02	  	  	  (33	  %)	   0.44	  ±	  0.02	  	  	  (67	  %)	  7	   0.29	  ±	  0.07	   0.09	  ±	  0.01	  	  	  (31	  %)	   0.20	  ±	  0.02	  	  	  (69	  %)	  8	   0.61	  ±	  0.06	   0.20	  ±	  0.06	  	  	  (33	  %)	   0.41	  ±	  0.04	  	  	  (67	  %)	  9	   0.46	  ±	  0.01	   0.08	  ±	  0.04	  	  	  (17	  %)	   0.38	  ±	  0.03	  	  	  (83	  %)	  10	   0.34	  ±	  0.01	   0.13	  ±	  0.05	  	  	  (38	  %)	   0.21	  ±	  0.03	  	  	  (62	  %)	  11	   0.38	  ±	  0.02	   0.18	  ±	  0.05	  	  	  (47	  %)	   0.20	  ±	  0.04	  	  	  (53	  %)	  12	   0.33	  ±	  0.01	   0.21	  ±	  0.07	  	  	  (64	  %)	   0.12	  ±	  0.02	  	  	  (46	  %)	  13	   0.17	  ±	  0.01	   0.09	  ±	  0.02	  	  (53%)	   0.08	  ±	  0.01	  	  (47%)	  14	   0.16	  ±	  0.01	   0.06	  ±	  0.01	  (37%)	   0.10	  ±	  0.02	  	  (63%)	  15	   0.13	  ±	  0.01	   0.11	  ±	  0.03	  	  (85%)	   0.02	  ±	  0.01	  	  (15%)	  16	   0.14	  ±	  0.07	   0.09	  ±	  0.01	  	  (64%)	   0.05	  ±	  0.01	  	  (36%)	  17	   0.27	  ±	  0.04	   0.15	  ±	  0.02	  	  (55%)	   0.12	  ±	  0.03	  	  (45%)	  18	   0.46	  ±	  0.07	   0.08	  ±	  0.02	  	  (17%)	   0.38	  ±	  0.04	  	  (83%)	  19	   0.31	  ±	  0.01	   0.21	  ±	  0.03	  	  (68%)	   0.10	  ±	  0.03	  	  (32%)	  Data	  are	  the	  mean	  ±	  S.E.	  of	  3	  determinations;	  in	  brackets,	  %	  with	  respect	  to	  total	  toxins.	  	  	  LC-­‐MS/MS	   analysis	   showed	   that	   the	   lipophilic	   toxins	   contaminating	   the	   mussel	  samples	   were	   okadaic	   acid	   and	   its	   esters.	   Furthermore,	   the	   analysis	   of	   the	  uncooked	   mussels	   showed	   that	   the	   concentration	   of	   the	   total	   toxins	   of	   the	   OA	  group	  ranged	  between	  0.17	  and	  0.67	  OA	  equivalents/kg	  edible	   tissues,	  while	   the	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concentrations	   of	   free	   and	   esterified	   toxins	   were	   in	   the	   range	   of	   0.04-­‐0.55	   and	  0.00-­‐0.36	  mg/kg,	   respectively.	   The	   unesterified	   toxins	   represented	   31-­‐100	  %	   of	  the	  total	  OA	  group	  toxins	  (Table	  6).	  	  The	  concentration	  of	  the	  total	  OA	  and	  its	  derivatives	  in	  the	  cooked	  mussels	  ranged	  between	  0.13	  and	  0.82	  OA	  equivalents/kg	  edible	  parts,	  while	   that	  of	  unesterified	  and	   esterified	   toxins	   was	   0.06-­‐0.47	   and	   0.02-­‐0.44	   mg/kg,	   respectively.	   The	  unesterified	  toxins	  represented	  17-­‐85	  %	  of	  the	  total	  OA	  group	  toxins	  (Table	  7).	  	  Also	   the	   analysis	   by	   LC-­‐MS/MS	   showed	   some	   differences	   in	   the	   toxins	  concentration	  between	  uncooked	  and	  cooked	  mussels:	   the	   concentration	  of	   total	  OA	  group	  toxins	  in	  cooked	  samples	  2,	  3,	  6,	  8,	  9,	  18	  and	  19	  was	  significantly	  higher	  than	  that	  measured	  in	  the	  corresponding	  uncooked	  samples.	  On	  the	  contrary,	  the	  concentration	  of	   total	  OA	  and	  analogues	   in	   the	   cooked	   samples	  1,	  10,	  11	  and	  14	  was	  lower	  than	  that	  recorded	  in	  the	  corresponding	  uncooked	  samples	  (Fig.	  38).	  	   	  
	  Figure	  38:	  Comparison	  of	  total	  OAs	  concentration	  between	  uncooked	  and	  cooked	  mussels	  measured	  by	  LC-­‐MS	  (*p<0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data	  between	  the	  uncooked	  and	  cooked	  sample).	  	  	  Data	  obtained	  by	  LC-­‐MS/MS	  analysis	  were	   compared	   to	   those	  obtained	  by	  PP2A	  inhibition	  assays.	  The	  concentrations	  of	  the	  total	  OA	  group	  toxins	  quantified	  by	  the	  PP2A	  inhibition	  assay	  (Protocol	  1)	  compared	  to	  those	  quantified	  by	  LC-­‐MS/MS	  are	  
* * * * * 
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represented	   in	   Fig.	   39	   and	   40.	   Considering	   the	   uncooked	   samples,	   the	  concentrations	  of	  the	  total	  toxins	  measured	  by	  PP2A	  inhibition	  assay	  (Protocol	  1)	  were	  globally	  comparable	  to	  those	  measured	  by	  LC-­‐MS/MS.	  Only	   for	  samples	  11,	  12,	  15	  and	  18,	  the	  concentration	  of	  total	  OA	  group	  toxins	  measured	  by	  LC-­‐MS/MS	  was	  significantly	  higher	   than	   that	  measured	  by	   the	  enzyme	   inhibition	  assay	   (Fig.	  39).	   	  	  	  	  
	  	  Figure	  39:	  Total	  OAs	  concentration	  measured	  by	  the	  PP2A	  inhibition	  assay	  (Protocol	  1)	  and	  LC-­‐MS/MS	  in	  uncooked	  mussels	  (*p<0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data).	  	  	  	  Similarly,	   the	   concentrations	   of	   the	   total	   OA	   group	   toxins	   quantified	   by	   PP2A	  inhibition	   assay	   (Protocol	   1)	   in	   the	   cooked	   mussel	   samples	   were	   globally	   no	  significantly	  different	   to	   those	  quantified	  by	  LC-­‐MS/MS.	  Anyway,	   considering	   the	  concentration	   of	   the	   total	   OA	   group	   toxins	   in	   the	   single	   samples,	   significant	  differences	  were	  observed	  for	  some	  samples:	  samples	  4,	  8,	  18	  and	  19:	  LC-­‐MS/MS	  detected	  significantly	  higher	   toxins	  concentration	   than	   the	  PP2A	   inhibition	  assay	  (Protocol	   1;	   54-­‐80	  %).	   On	   the	   other	   hand,	   samples	   10,	   13,	   14	   and	   15	   showed	   a	  concentration	   of	   total	   toxins	   measured	   by	   PP2A	   inhibition	   assay	   significantly	  higher	  than	  that	  determined	  by	  LC-­‐MS/MS	  (45-­‐60	  %)	  (Fig.	  40).	  
* 
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  Figure	  40:	  Total	  OAs	  concentration	  measured	  by	  the	  PP2A	  inhibition	  assay	  (Protocol	  1)	  and	  LC-­‐MS/MS	  in	  cooked	  mussels	  (*p<0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data).	  
	  	  	  The	  concentrations	  of	  the	  total	  OA	  group	  toxins	  determined	  by	  the	  "DSP	  Rapid	  Kit	  96"	  (Protocol	  2)	  compared	  to	  those	  determined	  by	  LC-­‐MS/MS	  are	  represented	  in	  Fig.	  41	  and	  42.	  A	  significant	  difference	  between	  the	  concentrations	  of	  total	  toxins	  determined	   by	   the	   two	  methods	  was	   observed	   both	   for	   uncooked	   (Fig.	   41)	   and	  cooked	  mussels	  (Fig.	  42).	  	  	  	  	  	  	  	  
* * * * 
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  Figure	  41:	  Total	  OAs	  concentration	  measured	  in	  uncooked	  mussels	  by	  PP2A	  inhibition	  assay	  (Protocol	  2)	  and	  LC-­‐MS/MS	  (*p<0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data).	  	  	  
	  Figure	  42:	  Total	  OAs	  concentration	  measured	  in	  cooked	  mussels	  by	  PP2A	  inhibition	  assay	  (Protocol	  2)	  and	  LC-­‐MS/MS	  (*p<0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data).	  	  	  
4.1.3.	  ANALYSIS	  OF	  YESSOTOXIN	  BY	  LC-­‐MS/MS	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are	   reported	   in	   Table	   8.	   YTX	   was	   detected	   in	   all	   the	   samples:	   the	   toxin	  concentration	   in	   the	   uncooked	   samples	   ranged	   between	   0.47	   and	   2.05	   mg/kg,	  while	   that	   determined	   in	   the	   cooked	   samples	   ranged	   between	   0.36	   and	   1.60	  mg/kg.	   Contrary	   to	   the	   previous	   observation	   for	   OA	   group	   toxins,	   the	   heating	  procedure	  determined	  a	  general	  reduction	  of	  YTX	  concentration	  in	  all	  the	  samples,	  which	  reached	  42	  %,	  except	  for	  samples	  16	  and	  18	  (Table	  8;	  Fig.	  43).	  	  	   Table	  8:	  Concentration	  of	  yessotoxin	  in	  uncooked	  and	  cooked	  mussels	  measured	  by	  LC-­‐MS/MS.	  
	  	  	  
Sample	   Yessotoxin	  (mg/kg	  edible	  tissues)	  UNCOOKED	   COOKED	   Difference	  (%)	  	  1	   0.89	   0.60	   -­‐33	  2	   2.05	   1.60	   -­‐22	  3	   1.81	   1.17	   -­‐35	  4	   0.56	   0.53	   -­‐	  5	  	  5	   0.83	   0.67	   -­‐19	  6	   0.95	   0.65	   -­‐32	  7	   0.73	   0.58	   -­‐21	  8	   0.47	   0.43	   -­‐	  9	  9	   0.47	   0.36	   -­‐23	  10	   1.03	   0.90	   -­‐13	  11	   0.55	   0.49	   -­‐11	  12	   0.71	   0.65	   -­‐	  8	  13	   1.15	   1.11	   -­‐	  3	  14	   0.66	   0.64	   -­‐	  3	  15	   0.75	   0.68	   -­‐	  9	  16	   0.52	   0.53	   2	  17	   1.27	   0.74	   -­‐42	  18	   0.57	   0.70	   22	  19	   0.53	   0.50	   -­‐	  6	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  Figure	  43:	  Total	  YTX	  concentration	  in	  uncooked	  and	  cooked	  mussels	  measured	  by	  LC-­‐MS/MS	  (*p<0.05	  at	  the	  Student’s	  t-­‐test	  for	  paired	  data).	  	  	  	  
4.1.4.	  DISCUSION	  AND	  CONCLUSIONS	  	  Two	  functional	  assays	  for	  the	  detection	  of	  okadaic	  acid	  (OA)	  and	  its	  analogues	  in	  mussels	   (protein	   phosphatase	   2A	   inhibition	   assays)	   were	   used	   to	   detect	   these	  toxins	  in	  mussel	  (Mytilus	  galloprovincialis)	  samples	  collected	  in	  the	  Gulf	  of	  Trieste	  (Italy)	   in	  2010	  and	  2011:	  a	  PP2A	   inhibition	  assay	  based	  on	  an	  enzyme	  extracted	  from	  rabbit	  skeletal	  muscle	  (Tubaro	  et	  al.,	  1996;	  Della	  Loggia	  et	  al.,	  1999)	  and	  the	  “DSP	  Rapid	  Kit	  96”	  provided	  by	  Tropical	  Technology	  Center	  Ltd.	  (Okinawa,	  Japan).	  These	  assays	  were	  used	  to	  analyse	  both	  cooked	  and	  uncooked	  mussel	  samples,	  to	  verify	   the	   influence	   of	   the	   heating	   procedure	   on	   the	   toxin	   content	   of	   mussels.	  Furthermore,	  to	  detect	  also	  the	  esterified	  OA	  derivatives,	  that	  do	  not	  inhibit	  PP2A,	  mussel	   samples	   were	   analysed	   also	   after	   alkaline	   hydrolysis	   of	   the	   relevant	  extracts,	  which	  allows	  esters	  conversion	  to	  free	  okadaic	  acid	  or	  dinophysistoxin-­‐1,	  detectable	  by	  PP2A	  inhibition	  assay.	  PP2A	  inhibition	  assays	  (Protocols	  1	  and	  2)	  allowed	  to	  quantify	  OA	  group	  toxins	  in	  mussel	   samples	   and,	   most	   of	   samples	   collected	   in	   2010	   contained	   toxin	  concentrations	  higher	  than	  the	  maximum	  admitted	  level	  of	  0.16	  mg/kg	  (European	  Commission,	  2004).	  These	  toxins	  included	  both	  unesterified	  and	  esterified	  toxins,	  
* * 
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as	   determined	   by	   the	   analysis	   of	   mussel	   extracts	   before	   and	   after	   alkaline	  hydrolysis.	  	  Globally,	  no	  significant	  difference	   in	   toxins	  concentration	  between	  uncooked	  and	  cooked	  mussels	  was	  observed.	  However,	  comparing	   the	  data	  of	  single	  samples,	  a	  slight	  increase	  (not	  statistically	  significant)	  of	  toxin	  concentrations	  was	  detected	  in	  the	  cooked	  mussels	  with	  respect	  to	  the	  uncooked	  ones.	  This	  difference	  is	  probably	  determined	   by	   the	   loss	   of	  water	   from	  mussels	   during	   cooking	   procedure,	  which	  slightly	  concentrate	  the	  toxins	  in	  mussel	  tissues.	  In	  fact,	  the	  OA	  and	  its	  analogues,	  being	   lipophilic	   compounds,	   are	   not	   soluble	   in	   significant	   amounts	   in	   the	  water	  lost	   during	   cooking	   and,	   consequently,	   there	   is	   a	   slight	   increase	   of	   their	  concentration	  in	  mussel’s	  tissues.	  The	   toxins	  quantification	   in	  uncooked	  and	  cooked	  samples	  by	   the	   two	  protocols,	  indicates	  that	  Protocol	  2	  (“DSP	  Rapid	  kit	  96”)	  seem	  to	  overestimate	  the	  toxins	  with	  respect	   to	  Protocol	   1.	   This	   observation	  was	   confirmed	  by	   the	   analysis	   of	  mussel	  samples	   by	   LC-­‐MS/MS:	   this	   technique	   confirmed	   that	   the	   toxins	   contaminating	  mussel	   samples	  were	  okadaic	  acid	  and	   its	  esters,	  which	  concentrations	  were	  not	  significantly	  different	  from	  those	  determined	  by	  the	  PP2A	  set	  up	  by	  Tubaro	  et	  al.	  (1996),	   modified	   by	   Della	   Loggia	   et	   al.	   (1999)	   (Protocol	   1).	   On	   the	   contrary,	   a	  significant	   difference	   between	   the	   concentrations	   of	   total	   toxins	   determined	   by	  Protocol	  2	  and	   those	  determined	  by	  LC-­‐MS/MS	  was	  observed	  both	   for	  uncooked	  and	  cooked	  mussel	  samples.	  The	   mussel	   analysis	   by	   LC-­‐MS/MS	   detected	   also	   the	   presence	   of	   significant	  amounts	  of	  yessotoxin.	  Contrary	   to	  OA	  group	   toxins,	   yessotoxin	  was	   slightly	   less	  concentrated	   in	   the	   cooked	  mussels,	   probably	  because	  of	   its	  higher	  polarity	   that	  allows	  a	  dissolution	  in	  the	  water	  lost	  during	  the	  cooking	  procedure.	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4.2.	  SET	  UP	  OF	  HAEMOLYTIC	  ASSAY	  FOR	  PALYTOXINS	  DETECTION	  
	  The	  effects	  of	  PLTX	  on	  erythrocytes	  were	  studied	  in	  the	  80s,	  but	  it	  is	  in	  1993	  when	  these	   have	   been	   exploited	   for	   the	   first	   time	   to	   detect	   the	   palytoxin	   (Bignami,	  1993).	   In	   this	  assay,	   the	  erythrocytes	  (generally	  of	  mouse,	  sheep	  or	  humans)	  are	  incubated	  with	  the	  toxin	  (or	  with	  the	  sample	  under	  analysis)	  for	  at	  least	  4	  hours	  at	  37°	   C.	   Haemolysis	   induced	   by	   palytoxin,	   which	   depends	   on	   its	   concentration,	   is	  easily	   distinguishable	   by	   the	   release	   of	   haemoglobin	   and	   can	   be	   quantified	  measuring	  the	  absorbance	  at	  405	  nm.	  The	  test	  is	  relatively	  rapid,	  easy	  to	  perform	  and	  particularly	  sensitive	  (picomolar	  concentrations).	  However,	   lacking	  a	  general	  protocol	   execution,	   literature	   data	   differ	   both	   in	   the	   preparation	   of	   the	   testing	  samples	   and	   in	   the	   assay	   procedure.	   Therefore,	   the	   reported	   literature	   data	   are	  difficult	  to	  be	  compared.	  	  Previous	  studies	  in	  our	  laboratories	  were	  carried	  out	  to	  reduce	  the	  execution	  time	  of	   the	  haemolytic	   assay	   for	  palytoxins	  detection,	  which	   is	   very	   important	  during	  monitoring	   programmes	   when	   rapid	   analysis	   of	   several	   samples	   is	   required.	   In	  particular,	  the	  incubation	  time	  of	  erythrocytes	  with	  palytoxin	  was	  reduced	  from	  4	  h	  to	  1	  h	  by	  reducing	  the	  osmolarity	  of	   the	   incubation	  buffer:	  mouse	  erythrocytes	  were	  incubated	  with	  different	  concentrations	  of	  PBS	  for	  1	  hour	  at	  37°	  C,	  observing	  that	  the	  maximal	  dilution	  of	  PBS	  that	  does	  not	   induce	  haemolysis	  corresponds	  to	  62	  %	  PBS.	  In	  this	  condition,	  the	  calibration	  curve	  for	  palytoxin	  was	  comparable	  to	  that	  obtained	  by	  the	  standard	  haemolytic	  assay,	  after	  4	  h	  incubation	  with	  the	  toxin.	  The	  linear	  tract	  of	  the	  calibration	  curve	  (20	  %	  and	  80	  %	  of	  the	  maximal	  haemolytic	  activity	  for	  positive	  controls;	  EC20-­‐EC80)	  ranges	  between	  6.6	  and	  26.4	  pM,	  while	  the	  EC50	   for	  the	  abbreviated	  and	  the	  standard	  assays	  were	  15.9 ± 0.44 pM and 13.2 ± 
0.13 pM, respectively	   (unpublished	   results).	   Thus,	   the	   abbreviated	   assay	   (1	   h	  incubation)	   is	   a	   promising	   tool	   for	   palytoxins	   detection	   in	   natural	   samples,	  with	  significant	  reduction	  of	  the	  time	  required	  for	  the	  analyses.	  Thus,	  to	  assess	  the	  suitability	  of	  the	  haemolytic	  assay	  for	  palytoxins	  quantification	  in	   mussels,	   further	   studies	   were	   carried	   out	   to	   evaluate	   the	   matrix	   effect	   and	  palytoxin	  recovery,	  by	  both	  the	  standard	  haemolytic	  assay	  (4	  h	  incubation)	  and	  the	  abbreviated	  assay	  (1	  h	  incubation).	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Experiment	  1	   Experiment	  2	   Experiment	  3	  
Mean	   S.E.	  %	  Lysis	   %	  Lysis	   %	  Lysis	  25.600	   154.6	   135.3	   144.2	   144.7	   5.6	  12.500	   122.2	   112.6	   113.3	   116.0	   3.1	  6.250	   104.2	   102.2	   108.3	   104.9	   1.8	  3.130	   104.4	   100.8	   105.6	   103.6	   1.4	  1.560	   100.6	   82.0	   93.7	   92.1	   5.4	  0.780	   52.5	   8.2	   14.2	   25.0	   13.9	  0.400	   2.6	   0.0	   1.1	   1.2	   0.8	  0.190	   0.8	   0.0	   1.0	   0.9	   0.2	  0.098	   0.3	   0.0	   1.1	   0.7	   0.3	  0.048	   0.0	   0.0	   0.6	   0.0	   0.4	  0.024	   0.0	   0.0	   0.0	   0.0	   0.0	  0.012	   0.0	   0.0	   0.0	   0.0	   0.0	  0.006	   0.0	   0.0	   0.0	   0.0	   0.0	  0.003	   0.0	   0.0	   0.0	   0.0	   0.0	  0.001	   0.0	   0.0	   0.0	   0.0	   0.0	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Experiment	  1	   Experiment	  2	   Experiment	  3	  
Mean	   S.E.	  %	  Lysis	   %	  Lysis	   %	  Lysis	  25.600	   134.8	   130.4	   131.8	   132.3	   1.3	  12.500	   114.5	   111.3	   111.6	   112.4	   1.0	  6.250	   109.2	   107.4	   109.6	   108.8	   0.7	  3.130	   109.9	   108.2	   110.2	   109.4	   0.6	  1,560	   104.1	   88.6	   109.7	   100.8	   6.3	  0.780	   26.0	   6.2	   75.3	   35.9	   20.5	  0.400	   0.1	   0.0	   2.6	   0.9	   0.9	  0.190	   0.0	   0.0	   1.5	   0.5	   0.7	  0.098	   0.1	   0.0	   0.5	   0.2	   0.2	  0.048	   1.9	   0.2	   0.0	   0.7	   0.6	  0.024	   0.0	   0.2	   0.0	   0.1	   0.2	  0.012	   0.1	   0.0	   0.0	   0.1	   0.1	  0.006	   0.5	   0.0	   0.0	   0.2	   0.2	  0.003	   0.8	   0.0	   0.0	   0.3	   0.3	  0.001	   0.0	   0.1	   0.0	   0.1	   0.1	  	  	  	  	  	  	  
	  Figure	  44:	  Haemolytic	  activity	  of	  a	  mussel	  extract	  after	  4	  h	  incubation	  	  (standard	  haemolytic	  assay).	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  Figure	  45:	  Haemolytic	  activity	  of	  a	  mussel	  extract	  after	  1	  h	  incubation	  	  (abbreviated	  haemolytic	  assay).	  	  	  	  The	  effect	  of	  mussel	  matrix	  was	  subsequently	  evaluated	  in	  presence	  of	  palytoxin:	  the	   haemolysis	   induced	   by	   the	   extract	   (0.048	   mg	   equivalents	   edible	   parts/mL)	  containing	  different	  concentrations	  of	   the	   toxin	   (0.87-­‐37.3	  pM)	  was	  compared	   to	  that	  induced	  by	  different	  toxin	  concentrations	  without	  mussel	  extract.	  The	  matrix	  effect	  was	  evaluated	  by	  both	   the	  standard	  (4	  h	   incubation)	  and	  abbreviated	  (1	  h	  incubation)	   haemolytic	   assay.	   The	   results	   obtained	   by	   the	   standard	   haemolytic	  assay,	  carried	  out	  in	  three	  days,	  are	  reported	  in	  Table	  11	  and	  Fig.	  46.	  	  The	   obtained	   results	   reveal	   that	   mussel	   matrix	   (0.048	   mg	   edible	   tissues	  equivalents/mL)	   slightly	   influenced	   the	   detection	   of	   palytoxin,	   particularly	   at	  concentrations	   of	   4.664	  pM	  and	  below,	   corresponding	   to	   12.5	   pg/mL	   (Table	   11;	  Fig.	   46).	   In	   parallel,	   the	   same	   palytoxins	   concentrations,	   with	   and	   without	   the	  mussel	   extract,	   were	   evaluated	   by	   the	   abbreviated	   haemolytic	   assay	   (1	   h	  incubation).	  The	  results	  are	  reported	  in	  Table	  12	  and	  represented	  in	  Fig.	  47.	  By	  the	  abbreviated	   haemolytic	   assay,	   it	   was	   observed	   a	   higher	   influence	   of	   the	  mussel	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Mean	  ±	  S.D.	   Mean	  ±	  S.D.	  37.313	   51.7	  ±	  10.8	   53.6	  ±	  6.5	  27.985	   51.8	  ±	  10.8	   52.6	  ±	  7.8	  18.657	   47.5	  ±	  11.1	   45.5	  ±	  10.5	  13.992	   43.1	  ±	  11.7	   39.3	  ±	  15.2	  9.328	   37.9	  ±	  11.5	   31.8	  ±	  9.4	  6.996	   33.6	  ±	  12.4	   30.9	  ±	  9.9	  4.664	   18.7	  ±	  11.5	   25.8	  ±	  10.1	  3.498	   12.8	  ±	  6.9	   20.1	  ±10.3	  2.332	   8.6	  ±	  7.3	   16.2	  ±	  8.7	  1.749	   6.1	  ±	  5.8	   13.5	  ±	  9.5	  1.166	   5.9	  ±	  4.9	   7.1	  ±	  5.5	  0.874	   3.8	  ±	  4.4	   3.8	  ±	  4.4	  	  	  	  	  	  	  
	  Figure	  46:	  Haemolytic	  activity	  of	  palytoxin	  with	  and	  without	  the	  mussel	  extract	  (0.048	  mg	  edible	  tissues	  equivalents	  /mL)	  after	  4	  h	  incubation	  (standard	  assay).	  Data	  are	  the	  mean	  ±	  S.D.	  of	  three	  independent	  experiments.	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Mean	  ±	  S.D.	   Mean	  ±	  S.D.	  37.313	   66.2	  ±	  13.6	   72.0	  ±	  4.4	  27.985	   59.9	  ±	  10.9	   75.1	  ±	  8.7	  18.657	   59.2	  ±	  12.0	   68.5	  ±	  7.8	  13.992	   52.9	  ±	  12.9	   67.2	  ±	  10.9	  9.328	   40.7	  ±	  18.9	   54.0	  ±	  15.1	  6.996	   35.1	  ±	  22.0	   50.2	  ±	  15.0	  4.664	   22.6	  ±	  17.0	   39.6	  ±	  17.7	  3.498	   15.1	  ±	  14.5	   28.8	  ±16.9	  2.332	   4.8	  ±	  8.6	   27.7	  ±	  17.4	  1.749	   2.1	  ±	  4.8	   19.1	  ±	  13.4	  1.166	   1.6	  ±	  3.6	   9.9	  ±	  10.5	  0.874	   0.6	  ±	  2.6	   6.5	  ±	  8.2	  	  	  	  	  	  	  
	  Figure	  47:	  Haemolytic	  activity	  of	  palytoxin	  with	  and	  without	  the	  mussel	  extract	  (0.048	  mg	  edible	  tissues	  equivalents/mL)	  after	  1	  h	  incubation	  (abbreviated	  assay).	  Data	  are	  the	  mean	  ±	  S.D.	  of	  three	  independent	  experiments.	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4.2.2.	   EVALUATION	   OF	   PALYTOXIN	   RECOVERY	   FROM	   MUSSELS	   BY	   THE	  
HAEMOLYTIC	  ASSAY	   	  Three	  aliquots	  of	  the	  uncontaminated	  mussel	  sample	  used	  to	  evaluate	  matrix	  effect	  were	   spiked	   with	   palytoxin	   at	   2,000	   ng/g	   before	   extraction.	   The	   samples	   were	  extracted	  as	  reported	  in	  Methods	  section,	  obtaining	  three	  extracts	  containing	  0.1	  g	  edible	  parts	  equivalents/mL,	  and	  a	   toxin	  concentration	  of	  200	  ng/mL	  (REC-­‐A,	   -­‐B	  and	   –C).	   Then,	   each	   extract	   was	   diluted	   and	   analysed	   by	   the	   standard	   and	  abbreviated	  haemolytic	  assay.	  The	  obtained	  results,	  reported	  Table	  13,	  show	  127	  %	   recovery	   of	   palytoxin	   by	   the	   standard	   haemolytic	   assay,	   with	   a	   coefficient	   of	  variability	  of	  3.1	  %.	  On	  the	  other	  hand,	  the	  recovery	  recorded	  by	  the	  abbreviated	  assay	  was	  180	  %,	  with	  a	  coefficient	  of	  variability	  of	  11	  %.	  	  	   Table	  13:	  Recovery	  of	  palytoxin	  from	  mussels	  evaluated	  by	  the	  standard	  (4	  h	  incubation)	  and	  abbreviated	  (1	  h	  incubation)	  haemolytic	  assay.	  
Sample	   Theoretic	  PLTX	  (ng/g)	   Standard	  assay	   Abbreviated	  assay	  Measured	  PLTX	  (ng/g)	   Measured	  PLTX	  (ng/g)	  REC-­‐A	   2,000	   2,512	   3,157	  REC-­‐B	   2,000	   2,632	   3,726	  REC-­‐C	   2,000	   2,486	   3,921	  	   	   	   	  Mean	   2,000	   2,543	   3,601	  S.D.	   -­‐-­‐	   78	   397	  C.V.	  (%)	   -­‐-­‐	   3.1	   11.0	  Recovery	  (%)	   -­‐-­‐	   127	   180	  C.V.	  =	  coefficient	  of	  variability.	  	  	  
	  
4.2.3.	  DISCUSION	  AND	  CONCLUSIONS	  	  
Haemolytic assay, carried out incubating mouse erythrocytes with palytoxin for 4 h 
(standard assay) or for 1 h in diluted PBS (abbreviated assay) is able to detect palytoxin 
at picomolar concentrations. Nevertheless, with the aim to detect the toxin in mussels, a 
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significant matrix effect impairing the toxin quantification was observed already at the 
mussel extract concentration of 0.048 mg edible tissues equivalents/mL, which was 
more evident by the abbreviated assay. Furthermore, the toxin recovery from mussels 
evaluated by the haemolytic assay showed an overestimation of the compound: the 
toxin recovery by the standard and the abbreviated assays were 127 % and 180 %, 
respectively. Thus, the obtained results indicate that, due to the significant matrix effect 
and the palytoxin overestimation in mussels, the abbreviated haemolytic assay appeared 
to be not suitable to quantify palytoxin in mussels, even though further modifications of 
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4.3.	  SET	  UP	  OF	  AN	  INDIRECT	  SANDWICH	  ELISA	  FOR	  PALYTOXIN	  DETECTION	  
	  An	  indirect	  sandwich	  enzyme-­‐linked	  immunosorbent	  assay	  (ELISA),	  based	  upon	  a	  mouse	  anti-­‐palytoxin	  monoclonal	  antibody	  as	  capture	  antibody,	  and	  a	  rabbit	  anti-­‐palytoxin	   polyclonal	   antibody	   as	   detection	   antibody,	   was	   developed	   and	  characterized	  for	  its	  suitability	  to	  quantify	  palytoxin	  and	  its	  analogues	  in	  mussels	  and	   microalgae.	   In	   particular,	   its	   sensitivity,	   specificity,	   accuracy,	   precision	   and	  repeatability	  were	  evaluated	  within	  an	  intra-­‐laboratory	  study.	  
	  
	  
4.3.1.	  ELISA	  CALIBRATION	  CURVE	  FOR	  PALYTOXIN	  	  Using	  the	  indirect	  sandwich	  ELISA,	  the	  calibration	  curve	  for	  palytoxin	  represented	  in	   Fig.	   48	  was	   obtained.	   The	  working	   range	   for	   palytoxin	   detection	  was	   1.25-­‐80	  ng/mL,	  with	  an	  EC50	  (effective	  concentration	  giving	  50	  %	  of	  the	  maximal	  response)	  of	   7.6	   ±	   1.1	   ng/mL.	   The	   calculated	   limits	   of	   palytoxin	   detection	   (LOD)	   and	  quantitation	  (LOQ)	  were	  1.1	  and	  2.2	  ng/mL,	  respectively.	  The	  working	  range	  has	  been	   analysed	   by	   linear	   regression,	   plotting	   the	   theoretical	   palytoxin	  concentrations	   against	   toxin	   concentrations	  measured	   by	   the	   assay,	   determining	  an	   excellent	   correlation	   coefficient	   (r2	   =	   0.9933;	   n	   =	   10)(Fig.	   48b).	   Furthermore,	  the	   calculated	   mean	   bias	   value	   was	   2.1	   %	   (range:	   -­‐2.8	   to	   7.0	   %;	   Table	   14)	  evidenced	  the	  accuracy	  of	  the	  measures.	  	  
	  Figure	  48:	  Calibration	  curve	  for	  palytoxin.	  Each	  point	  represents	  the	  mean	  ±	  S.E.	  of	  3	  different	  experiments	  (A).	  The	  working	  range	  was	  analysed	  by	  linear	  regression	  plotting	  theoretic	  PLTX	  concentrations	  against	  PLTX	  concentrations	  measured	  by	  the	  assay;	  n=10	  (B)	  
	   119	  
	  	   Table	  14:	  Bias	  values	  (%)	  for	  PLTX	  analysis.	  




	  Figure	  49:	  Repeatability	  of	  the	  ELISA.	  The	  working	  range	  was	  analysed	  by	  plotting	  theoretic	  PLTX	  concentrations	  against	  PLTX	  concentrations	  measured	  by	  the	  assay.	  (A)	  Intra-­‐assay	  repeatability	  analysed	  over	  10	  replicate	  assays	  in	  the	  same	  day	  by	  a	  single	  operator.	  (B)	  Inter-­‐assay	  repeatability	  analysed	  over	  10	  assays	  performed	  within	  6	  months	  by	  different	  operators.	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   Table	  15:	  Relative	  repeatability	  (%)	  for	  intra-­‐assay	  (n=10;	  during	  one	  day)	  and	  inter-­‐assay	  (n=10;	  over	  six	  months).	  
PLTX	  
(ng/mL)	  












replicates	  1.25	   1.29	  ±	  0.07	   5	   10	   1.30	  ±	  0.05	   4	   10	  2.50	   2.43	  ±	  0.11	   4	   10	   2.33	  ±	  0.17	   7	   10	  5.00	   4.89	  ±	  0.34	   7	   10	   4.65	  ±	  0.27	   6	   10	  10.00	   10.68	  ±	  0.66	   6	   10	   10.63	  ±	  1.57	   15	   10	  20.00	   20.33	  ±	  1.42	   7	   10	   21.05	  ±	  2.83	   13	   10	  40.00	   42.80	  ±	  4.38	   10	   10	   46.62	  ±	  5.30	   11	   10	  80.00	   80.77	  ±	  3.32	   4	   10	   82.40	  ±	  7.83	   10	   10	  	   Mean	   6	   	   Mean	   9	   	  	  	  	  	  	  RSDr	  =	  Relative	  standard	  deviation	  of	  repeatability.	  	  	  
4.3.2.	  CROSS-­‐REACTIVITY	  WITH	  PALYTOXIN	  ANALOGUES	  	  	  The	  ELISA	  was	  evaluated	  for	  its	  ability	  to	  detect	  the	  natural	  palytoxin	  analogue	  42-­‐OH-­‐palytoxin	   and	   biotinylated	   palytoxin,	   at	   concentrations	   within	   the	   working	  range	  of	  PLTX	  (1.25-­‐80	  ng/mL).	  The	  obtained	  results	  showed	  that	  the	  reactivity	  of	  biotinylated	  palytoxin	  was	  similar	  to	  that	  of	  PLTX,	  whereas	  the	  calibration	  curve	  of	  42-­‐OH-­‐palytoxin	  was	  only	  slightly	  lower	  (Fig.	  50).	  	  
	  Figure	  50:	  Standard	  curves	  for	  PLTX	  and	  analogues.	  Each	  point	  is	  represents	  the	  mean	  ±	  S.E.	  of	  3	  different	  experiments.	  Statistical	  differences	  with	  respect	  to	  PLTX:	  **p<0.01;	  ***p<0.001	  (two-­‐way	  ANOVA	  and	  Bonferroni	  post	  test).	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4.3.3.	  CROSS-­‐REACTIVITY	  WITH	  OTHER	  MARINE	  TOXINS	  	  	  The	   ELISA	   was	   evaluated	   for	   its	   cross-­‐reactivity	   with	   other	   marine	   algal	   toxins	  structurally	   unrelated	   to	   palytoxins	   (okadaic	   acid,	   yessotoxin,	   domoic	   acid,	  brevetoxin-­‐3,	  and	  saxitoxin),	  which	  can	  contaminate	  seafood	  simultaneously	  with	  palytoxin.	  These	   toxins	  were	  analysed	  at	  concentrations	  up	   to	  100	  µg/mL,	  about	  four	  orders	  of	  magnitude	  higher	   than	   the	  EC50	  of	  palytoxin.	  The	  obtained	  results	  showed	  no	  significant	  cross-­‐reactivity	  to	  any	  toxin	  at	  any	  concentration.	  	  	  
4.3.4.	  MATRIX	  EFFECT	  
	  To	   evaluate	   the	   suitability	   of	   the	   ELISA	   to	   quantify	   palytoxins	   in	   shellfish	   and	  microalgae,	  the	  matrix	  effect	  of	  the	  mussel	  and	  algal	  extracts	  was	  evaluated.	  To	  this	  purpose,	   extracts	   from	   palytoxin-­‐free	   mussels	   and	   microalgae	   samples	   were	  prepared.	   Preliminarily,	   extracts	   of	   toxin-­‐negative	  mussels	   and	  microalgae	  were	  analysed	   after	   1:1,	   1:10,	   and	   1:100	   dilutions	   to	   evaluate	   whether	   the	   relevant	  matrix	   could	   produce	   false	   positive	   signals.	   The	   results	   did	   not	   evidence	   any	  interference	   since	   no	   significant	   absorbance	   at	   450	   nm	   was	   measured	   at	   any	  dilution	  (Table	  16).	  	  	  	  	   Table	  16:	  Absorbance	  at	  450	  nm	  of	  PLTXs-­‐negative	  mussels	  	  and	  microalgae	  extracts	  after	  1:1,	  1:10	  and	  1:100	  dilution	  (n=6).	  
Dilutions	  
Absorbance	  at	  450	  nm	  (mean	  ±	  SD)	  
Mussels	   Microalgae	  1:1	   0.091	  ±	  0.002	   0.131	  ±	  0.018	  1:10	   0.083	  ±	  0.004	   0.085	  ±	  0.003	  1:100	   0.074	  ±	  0.004	   0.077	  ±	  0.006	  Absorbance	  due	  to	  PBS/Tw:	  0.083	  ±	  0.003	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Thus,	   subsequent	   studies	   aimed	   to	   verify	   the	   influence	   of	   matrix	   on	   palytoxin	  detection	  were	  carried	  out	  at	  these	  dilutions.	  In	  particular,	  extracts	  dilutions	  (1:1,	  1:10,	  1:100)	  were	  spiked	  with	  palytoxin	  at	  final	  concentrations	  ranging	  from	  1.25	  to	   80	   ng/mL,	   and	   analysed	   by	   the	   ELISA	   in	   comparison	   to	   the	   same	   PLTX	  concentrations,	   without	   matrices.	   In	   Fig.	   51	   are	   shown	   the	   results	   obtained	  analysing	   the	   three	   dilutions	   of	   the	   mussel	   extract	   spiked	   with	   palytoxin:	   they	  evidenced	   that	   the	  minimum	   extract	   dilution	   not	   interfering	  with	   the	   assay	  was	  1:10.	   Similar	   results	   were	   recorded	   for	   the	   microalgae	   extract	   spiked	   with	  palytoxin.	  
	  Figure	  51:	  Mussels	  matrix	  (0.1	  g	  mussel	  edible	  tissues	  equivalents/mL)	  effect	  on	  PLTX	  detection	  within	  the	  working	  range	  of	  the	  ELISA	  after	  1:1,	  1:10	  and	  1:100	  dilution	  (n=6).	  	  	  The	  linear	  regression	  was	  then	  evaluated	  between	  the	  results	  obtained	  analysing	  the	  10-­‐fold	  diluted	  mussels	  (A)	  and	  microalgae	  (B)	  extracts	  spiked	  with	  palytoxin	  (1.25-­‐80	  ng/mL)	  and	  those	  obtained	  analysing	  the	  same	  toxin	  concentrations	  (Fig.	  52).	  The	  calculated	  LOQ	   for	  palytoxin	   in	  mussels	  was	  11	  ng/mL	  that	  considering	  the	  extraction	  procedure	  and	  extract	  dilution,	  correspond	  to	  11	  µg/kg	  edible	  parts.	  To	  characterize	   the	  accuracy	  of	   the	  ELISA	   for	  palytoxin	  detection	   in	  mussels,	   the	  correlation	   coefficient	   and	   the	   Bias	   value	   were	   calculated	   from	   the	   linear	  regression	  analysis	  (r2	  =	  0.9663;	  Bias	  =	  1.5%;	  Table	  17).	  The	  LOQ	  for	  palytoxin	  in	  microalgae	  was	  9.6	  ng/mL.	  The	   relevant	   correlation	  coefficient	  was	  0.9878,	  with	  mean	  Bias	  values	  of	  5.0	  %	  (Table	  16).	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1.25 3.0 5.0 
2.50 5.3 2.7 
5.00 2.5 10.0 
10.00 0.0 0.8 
20.00 3.4 7.1 
40.00 4.7 6.5 
80.00 2.8 3.2 
Mean 3.1 5.0 
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Coefficient	  of	  Variability	  
(%)	  
n°	  
replicates	  Mussels	  125.0	   95.7	   1.0	   4	  250.0	   98.2	   1.1	   4	  375.0	   97.2	   2.6	   4	  Microalgae	  31.2	   96.6	   12.3	   4	  62.5	   105.5	   4.9	   4	  125.0	   101.7	   0.9	   4	  250.0	   95.6	   7.4	   4	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4.3.6.	  ANALYSIS	  OF	  NATURAL	  CONTAMINATED	  SAMPLES	  	  
	  As	  it	  was	  explained	  in	  Material	  and	  Methods,	  natural	  contaminated	  samples	  from	  Portugal	   were	   analysed	   by	   the	   optimized	   ELISA	   assay.	   Ostreopsis	   ovata	   and	  
O.siamensis	   samples	   were	   studied	   following	   the	   protocol	   in	   order	   to	   verify	   the	  assay	   in	   natural	   contaminated	   samples	   that	   then,	   they	  will	   be	   confirmed	   by	   LC-­‐MS/MS	  analysis.	  The	  results	  obtained	  are	  shown	  in	  Table	  19.	  	  	   Table	  19:	  Quantification	  of	  palytoxin	  in	  natural	  contaminated	  samples	  	  of	  Ostreopsis	  by	  the	  sandwich	  ELISA.	  
SAMPLE Media ± SE (ng/mL) 
Ostreopsis ovata A 2250 ± 150 
Ostreopsis ovata B 687 ± 69 
Ostreopsis siamensis 27 ± 5 	  	  A	  doubt	  arise	   from	  this	  results,	  because	   it	   is	  supposed	   that	   the	  O.	  siamensis	  from	  the	   Atlantic	   Ocean	   cannot	   produce	   the	   palytoxin	   analogue,	   ostreocin-­‐D	   and	   the	  optimized	  ELISA	  assay	  is	  still	  unclear	  that	  can	  detect	  and	  quantify	  the	  ostreocin-­‐D	  presence	   in	   the	   sample.	   This	   will	   be	   discussed	   in	   the	   LC-­‐MS/MS	   results,	   after	  having	  the	  quantification	  and	  confirmation	  by	  this	   technique,	   in	  order	   to	  know	  if	  the	  concentration	  obtained	  (27	  ng/mL)	  is	  some	  PLTX	  like	  compound	  or	  not.	  These	  results	  will	  be	  compared	  with	  those	  obtained	  by	  LC-­‐MS/MS.	  	  
	  
	  
4.3.7.	  DISCUSSION	  AND	  CONCLUSIONS	  
	  The	   recent	   appearance	   of	  Ostreopsis	   cf.	   ovata	   in	   the	  Mediterranean	   Sea	   and	   the	  consequent	   detection	   of	   palytoxins	   in	   edible	   molluscs,	   crustaceans,	   and	  echinoderms	   (Aligizaki	  et	  al.,	  2008,	  2011)	  highlighted	  new	   issues	  concerning	   the	  toxicological	  potential	  of	  these	  toxins.	  Exposure	  to	  palytoxins	  could	  occur	  through	  different	  routes,	  the	  most	  dangerous	  being	  the	  ingestion	  of	  contaminated	  seafood,	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as	   documented	   by	   the	   cases	   of	   oral	   human	  poisonings	   in	   tropical	   or	   subtropical	  regions,	  with	  some	  fatal	  outcomes	  (Tubaro	  et	  al.,	  2011).	  Despite	  the	  extent	  of	  the	  contaminated	  area,	   few	  methods	  are	  currently	  available	  for	  palytoxins	  detection	  and	  quantitation	  in	  seafood.	  Moreover,	  among	  palytoxins,	  only	   palytoxin	   is	   commercially	   available,	   though	   expensive,	   and	   no	   certified	  standard	   material	   is	   currently	   sold.	   For	   monitoring	   purposes,	   a	   combination	   of	  screening	  methods	  followed	  by	  a	  chemical	  confirmatory	  analysis,	  such	  as	  LC-­‐MS,	  is	  commonly	  used	  to	  detect	  palytoxins	  (Riobó	  et	  al.,	  2011).	  Other	  methods	  for	  PLTX	  analysis	   include	  mouse	  bioassay,	   cytotoxicity	  assays,	  haemolysis	  assays,	   receptor	  binding	   assays,	   and	   immunoassays	   (Alfonso	   et	   al.,	   2012;	   Bignami	   et	   al.,	   1992;	  Riobó	  et	  al.,	  2008b;	  Frolova	  et	  al.,	  2000b;	  Zamolo	  et	  al.,	  2012).	  However,	  most	  of	  them	   lack	  specificity	  or	  have	  other	   limitations.	  Thus,	  an	   indirect	   sandwich	  ELISA	  has	  been	  set	  up.	  This	  ELISA	   is	  based	  on	  a	  mouse	  monoclonal	  anti-­‐palytoxin	  antibody	  as	  capturing	  reagent,	   and	   rabbit	   anti-­‐palytoxin	   antibody,	   as	   detection	   reagent.	   The	   working	  range	   of	   this	   immunoassay	   to	   detect	   palytoxin	   is	   1.25-­‐80	   ng/mL,	  with	   LOD	   and	  LOQ	   of	   1.1	   and	   2.2	   ng/mL,	   respectively.	   The	   assay	   showed	   very	   good	   accuracy	  (mean	  bias	  =	  2.1	  %)	  and	  very	  good	  intra-­‐assay	  and	  inter-­‐assay	  repeatability	  (RSDr	  =	  6	  %	  and	  9	  %,	  respectively).	  Furthermore,	  within	  its	  working	  range,	  it	  detects	  also	  the	  natural	  analogue	  42-­‐hydroxy-­‐palytoxin	  and	  biotynilated	  palytoxin.	  Due	  to	  lack	  of	  availability,	  up	  to	  now	  it	  was	  not	  possible	  to	  evaluate	  the	  reactivity	  of	  ostreocin-­‐D	   (42-­‐hydroxy-­‐3,26-­‐didemethyl-­‐19,44-­‐dideoxy-­‐palytoxin)	   but	   in	   contrary,	   it	   was	  possible	   for	   ovatoxin-­‐a,	   which	   structure	   was	   very	   recently	   elucidated	   as	   42-­‐hydroxy-­‐17,44,64-­‐trideoxy	  PLTX	  (Ciminiello	  et	  al.,	  2012b;	  Parson	  et	  al.,	  2012).	  	  However,	   indirect	   evidence	  of	  ovatoxin-­‐a	  binding	  by	  both	   the	  mAb	  and	  pAb	  was	  previously	   obtained	   by	   immunocytochemistry:	   the	   antibodies	   directly	   detected	  ovatoxin-­‐a	   in	   single	   Ostreopsis	   cf.	   ovata	   cells,	   in	   which	   this	   toxin	   was	   the	   most	  abundant	  and	  no	  PLTX	  was	  found	  by	  high	  resolution	  LC-­‐MS	  (Honsell	  et	  al.,	  2011).	  Thus,	  we	  can	  predict	  that	  this	  assay	  should	  detect	  also	  ovatoxin-­‐a,	  the	  major	  PLTX	  analogue	  in	  Mediterranean	  Sea.	  We	  cannot	  address	  the	  question	  of	  cross-­‐reactivity	  of	  ostreocin-­‐D.	  However,	  this	  toxin	  has	  to	  date	  not	  been	  detected	  in	  Mediterranean	  seafood,	   despite	   the	   occurrence	   of	  Ostreopsis	   siamensis	   (Ciminiello	   et	   al.,	   2012b;	  Parson	  et	  al.,	  2012).	  
	   127	  
The	  ELISA	  is	  also	  specific	  for	  palytoxins,	  as	  shown	  by	  the	  lack	  of	  reactivity	  toward	  other	   chemically	   unrelated	   algal	   toxins	   implicated	   in	   seafood	   contamination	  (okadaic	   acid,	   yessotoxin,	   domoic	   acid,	   brevetoxin-­‐3,	   saxitoxin),	   even	   at	  concentrations	   4	   orders	   of	   magnitude	   higher	   than	   the	   palytoxin	   EC50.	   Thus,	   the	  specificity	   of	   this	   method	   will	   avoid	   false	   positives	   by	   these	   toxins	   during	  monitoring	  programs.	  The	  ELISA	  sensitivity	  (about	  1	  ng/mL)	  is	  of	  the	  same	  order	  of	  magnitude	  of	  other	  immunoassays	  (Bignami	  et	  al.,	  1992;	  Frolova	  et	  al.,	  2000)	  but	  lower	  than	  that	  of	  an	  immunoassay	   (0.5	   pg/mL)	   recently	   developed	   using	   single-­‐chain	   antibodies	  isolated	  by	  phage	  display	  technology.	  Despite	  the	  excellent	  sensitivity	  of	  the	  latter,	  the	   variable	   toxin	   recovery	   from	  mussels	   (64-­‐113	  %)	   and	   clams	   (84-­‐181%)	  will	  likely	   impair	   its	   suitability	   for	  monitoring	   purposes.	   On	   the	   contrary,	   the	  matrix	  interferences	  by	  mussel	   and	  microalgae	  extracts	   in	  our	  assay	  were	  minimal.	   Just	  10-­‐fold	   dilution	   of	  mussels	   and	  microalgae	   extracts	   eliminated	  matrix	   effects.	   At	  this	  dilution,	  the	  accuracy	  appears	  very	  good	  and	  the	  LOQ	  in	  mussels	  (11	  µg/kg)	  is	  far	   below	   that	   (228	   µg/kg)	   recently	   determined	   by	   LC-­‐MS/MS	   using	   the	   same	  extraction	   procedure	   (Ciminiello	   et	   al.,	   2011b),	   as	  well	   as	   below	   the	   safety	   limit	  suggested	   by	   the	   European	   Food	   Safety	   Authority	   in	   shellfish	   (30	   µg/kg)	   (EFSA,	  2009).	  Unfortunately,	  it	  was	  not	  possible	  to	  compare	  the	  ELISA	  LOQ	  with	  that	  of	  all	  of	  the	  other	  methods	   published	   so	   far,	   due	   to	   the	   lack	   of	   such	   details	   in	  most	   reports	  (Ciminiello	  et	  al.,	  2011a;	  Levine	  et	  al.,	  1988;	  Frolova	  et	  al.,	  2000).	  Yakes	  et	  al.,	  2011	  reported	  a	  LOD	  of	  1.4	  ng/mL	  for	  PLTX	  in	  clam	  and	  2.8	  ng/mL	  in	  grouper	  extracts,	  but	  the	  latter	  contained	  only	  0.025	  g	  meat/mL	  and	  the	  assay	  was	  not	  evaluated	  at	  higher	  matrix	  concentrations.	  The	  recent	  assay,	  based	  on	  PLTX	  binding	  to	  Na+/K+-­‐ATPase	   and	   detection	   by	   a	   fluorescence	   polarization	   technique	   (Alfonso	   et	   al.,	  2012),	   has	   an	   instrumental	   LOD	   (2	   nM,	   corresponding	   to	   5.36	   ng/mL)	   about	   5-­‐folds	  higher	  than	  that	  of	  this	  ELISA.	  Furthermore,	  the	  toxin	  recovery	  from	  mussels	  (86.6	  %)	  was	  lower	  than	  that	  determined	  by	  the	  sandwich	  ELISA	  (95.7-­‐104.6	  %).	  Moreover,	  it	  requires	  equipment	  often	  unavailable	  in	  monitoring	  situations.	  In	  net	  microalgae	   (without	   Ostreopsis	   cf.	   ovata),	   the	   LOQs	   for	   PLTX	   were	   9.6	   ng/mL,	  lower	  than	  those	  of	  LC-­‐MS	  (127	  ng/mL)	  (Ciminiello	  et	  al.,	  2006).	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Recoveries	  of	  PLTX	   from	  the	   two	  matrices,	  an	   index	  of	  both	  extraction	  efficiency	  and	   ELISA	   accuracy,	   range	   between	   95.7%	   and	   104.6%	   (mussels)	   and	   95.6-­‐105.5%	   (microalgae),	   with	   a	   good	   precision.	   These	   results	   further	   support	   the	  ELISA	   suitability	   for	   a	   preliminary	   screening	   of	   shellfish	   samples	   during	  monitoring	  programs.	  A	  just	  developed	  LC-­‐MS/MS	  method	  for	  palytoxins	  detection	  (Selwood	  et	  al.,	  2012)	  has	  a	  LOQ	  of	  10	  µg/kg	  shellfish	  meat,	  but	  it	  requires	  sample	  processing	  steps	  as	  well	  as	  instrumental	  and	  personal	  skills.	  This	  ELISA	  assay	  could	  also	  be	  applied	  to	  algal	  net	  samples	  to	  identify	  palytoxins-­‐producing	  algal	  species	  prior	  to	  blooming:	  in	  fact,	  similarly	  to	  other	  dinoflagellates,	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4.4.	  IMPROVEMENTS	  IN	  ANALYSIS	  OF	  PALYTOXIN	  BY	  LC-­‐MS/MS	  
	  The	   structure	   of	   palytoxins	   is	   very	   complex.	   In	   addition	   to	   this	   structural	  complexity,	   there	   is	   still	   a	   lack	   of	   knowledge	   about	   the	   different	   congeners	  involved	  in	  this	  contamination	  and	  therefore	  there	  is	  still	  a	  very	  limited	  availability	  of	  standards	  and	  reference	  materials.	  These	  issues	  made	  difficult	  the	  advances	  in	  the	  development	  and	  optimization	  of	  analytical	  methods,	  particularly	  in	  the	  case	  of	  LC-­‐MS/MS.	  Despite	  of	  this,	  a	  significant	  progress	  has	  been	  made	  over	  the	  last	  few	  years	   in	   the	   development	   of	   analytical	   techniques,	   particularly	   on	   LC-­‐MS/MS	  approaches.	  The	  initial	  conditions	  to	  set	  up	  this	  LC-­‐MS/MS	  method	  were	  based	  on	  the	   ones	   proposed	   by	   Ciminiello	   et	   al.	   (2008).	   	   Different	   liquid	   chromatography	  (LC)	  conditions	  and	  mass	  spectrometry	  (MS)	  parameters	  have	  been	  optimised	   in	  order	  to	  achieve	  the	  more	  sensitive	  and	  selective	  response.	  	  
	  
4.4.1.	  CHROMATOGRAPHIC	  CONDITIONS	  	  To	  carry	  out	  the	  optimization	  of	  the	  LC,	  different	  parameters	  have	  been	  evaluated	  in	  order	  to	  estimate	  the	  best	  chromatographic	  efficiency	  which	  will	  contribute	  to	  provide	  the	  best	  yield	  in	  the	  ionization	  and	  consequently	  the	  highest	  efficiency	  in	  the	  mass	  spectrometer	  will	  be	  achieved.	  The	  chromatographic	  parameters	  taking	  into	  account	  in	  this	  optimization	  are	  the	  composition	  and	  flow	  of	  the	  mobile	  phase,	  acidic	  modifier	  and	  gradient	  elution:	  	  	  
- Acetic	  Acid	  concentration	  (10-­‐20-­‐30-­‐40-­‐50-­‐60	  mM)	  
- Gradient	  Elution	  (5-­‐10-­‐15-­‐20-­‐25	  %	  B)	  
- Flow	  (0.2-­‐0.3-­‐0.4-­‐0.5	  mL/min)	  	  All	   these	   parameters	   were	   evaluated	   considering	   their	   influence	   in	   the	  chromatographic	  efficiency;	  which	  has	  been	  studied	  in	  terms	  of	  theoretical	  plates.	  According	  to	  this	  evaluation,	  the	  optimal	  values	  are	  summarized	  in	  Table	  20.	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   Table	  20:	  Chromatographic	  conditions	  
	  	  	  To	   proceed	   with	   the	   optimization	   of	   the	   chromatographic	   conditions,	   PLTX	  standard	  was	  used	  as	  mentioned	  before,	  using	  a	  mobile	  phase	  B	  95	  %	  acetonitrile.	  	  The	   main	   advantage	   of	   using	   high	   pH	   in	   the	   mobile	   phases	   is	   the	   decrease	   in	  chromatographic	  peak	  tailing	  that	  could	  be	  associated	  with	  basic	  compounds,	  thus	  the	  high	  pH	  allows	  to	  obtain	  symmetrical	  chromatographic	  peak	  shapes,	  improving	  the	  chromatographic	  efficiency.	  	  The	   use	   of	   ultra	   high	   performance	   liquid	   chromatography	   was	   contemplated	   in	  this	  work	  and	  therefore	  different	  conditions	  were	  used	  which	  involved	  changes	  for	  instance	  in	  running	  and	  elution	  times,	  thus	  a	  gradient	  program	  with	  a	  flow	  rate	  of	  0.2	  mL/min	  was	  run	  starting	  with	  a	  linear	  gradient	  from	  5%	  to	  60%	  B	  in	  5	  min	  and	  a	   linear	   gradient	   to	   100%	   B	   in	   5.1	   minutes.	   After	   an	   isocratic	   hold	   time	   of	   2	  minutes	   at	   100	   %	   B,	   a	   linear	   gradient	   was	   applied	   to	   return	   to	   the	   starting	  conditions	  of	  5	  %	  B	  in	  1	  minute.	  The	  total	  run-­‐time	  was	  7	  minutes;	  an	  equilibration	  time	  of	  2	  min	  was	  allowed	  prior	   to	   the	  next	   injection.	  These	  gradient	   conditions	  allowed	   an	   adequate	   chromatographic	   separation	   of	   most	   palytoxin-­‐like	  compounds.	  
	  
	  
4.4.2.	  MASS	  SPECTROMETRY	  CONDITIONS	  	  Mass	   Spectrometric	   parameters	   were	   also	   optimized.	   To	   carry	   out	   this	  optimization	   the	   following	  parameters	  were	  evaluated	  and	  adjusted	   in	   the	   range	  indicated	  below.	  	  	  
Chromatographic	  Parameters	   Optimal	  conditions	  Mobile	  Phase	  A	   H2O	  +	  50	  mM	  Acetic	  Acid	  Mobile	  Phase	  B	   AcN	  95%	  +50	  mM	  Acetic	  Acid	  Gradient	   5	  %-­‐60%	  	  	  	  	  	  	  	  5min	  100%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5.1min-­‐7	  min	  5%	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8	  min	  Flow	   0,2	  mL/min	  Column	   Agilent	  Eclipse	  Plus	  C-­‐18,	  2.1x50	  mm,	  1.8	  µm	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- Fragmentor	  (100-­‐120-­‐140-­‐160	  V)	  
- Collision	  Energy	  (5-­‐10-­‐20-­‐30-­‐40-­‐50	  eV)	  
- Gas	  Temperature	  (100-­‐150-­‐200-­‐250-­‐300	  °C)	  
- Flow	  (4-­‐6-­‐8-­‐10	  L/min)	  
- Nebulizer	  (25-­‐30-­‐35-­‐40-­‐45-­‐50-­‐55	  psi)	  
- Sheath	  Gas	  Temperature	  (200-­‐250-­‐300-­‐350-­‐400	  °C)	  
- Sheath	  Gas	  Flow	  (6-­‐7-­‐8-­‐9-­‐10-­‐11	  L/min)	  
- Capillary	  Voltage	  (1000-­‐1500-­‐2000-­‐2500-­‐3000-­‐3500-­‐4000	  V)	  
- Noozle	  Voltage	  (300-­‐350-­‐400-­‐500-­‐600-­‐700-­‐800	  V)	  
	  Flow	   Injection	   Analysis	   (FIA)	   was	   used	   for	   this	   optimization	   selecting	   the	   four	  representative	  mass	   transitions	   for	  PLTX	  above	  mentioned.	  The	  Fragmentor	  was	  optimized	   in	   a	   range	   100-­‐160	   V.	   This	   parameter	   depends	   of	   the	   nature	   of	   the	  analyte.	   The	   fragmentation	   of	   the	  molecule	   is	   enhanced	  when	   the	   voltage	   of	   the	  fragmentator	  increases.	  The	  optimal	  value	  was	  fixed	  in	  140	  V.	  Collision	  Energy	  was	  evaluated	  from	  5	  to	  50	  eV.	  This	  parameter	  affects	  the	  yield	  on	  the	   formation	   of	   products	   ions	   from	   precursor	   ions.	   The	   best	   peak	   area	   was	  selected	  which	  relates	  with	  the	  best	  sensitivity	  achieved	  in	  the	  detector	  (Fig.	  53).	  	  	  	  
	  Figure	  53:	  Collison	  Energy.	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Different	  collision	  energies	  were	  selected	  for	  each	  transition	  in	  order	  to	  select	  the	  more	  efficient	  molecular	  fragments	  (m/z	  327)	  in	  the	  collision	  cell.	  The	  Capillary	  voltage	  was	  set	  to	  3000	  V	  in	  negative	  and	  positive	  mode,	  as	  well	  as	  the	  noozle	  voltage	   to	  350	  V.	   	  A	  drying	  gas	   flow	  of	  8	  mL/min	  at	  a	   temperature	  of	  200	  °C,	  a	  nebulizer	  gas	  pressure	  of	  25	  psi	  and	  a	  sheath	  gas	  flow	  of	  9	  mL/min	  at	  a	  temperature	  of	  250	  °C	  were	  set.	  Nebulizer	   settings	   such	   as:	   gas	   temperature,	   gas	   flow,	   nebulizer	   gas	   pressure,	  sheath	  gas	  temperature	  and	  sheath	  gas	  flow	  were	  adjusted	  in	  order	  to	  achieve	  the	  best	  conditions	  to	  reach	  the	  highest	  yield	  in	  the	  ion	  nebulization	  and	  consequently	  to	   achieve	   an	   efficient	   MS	   analysis	   without	   compromising	   the	   chromatographic	  resolution	  previously	  optimized.	  When	  the	  nebulizer	  is	  working	  efficiently,	  the	  spray	  cone	  is	  stable	  minimizing	  the	  fluctuation	   in	   the	   ion	   source	   and	   consequently	  more	   ions	   are	   introduced	   in	   the	  analyser	  zone	  of	  the	  Mass	  Spectrometer,	  thus	  more	  sensitivity	  will	  be	  achieved.	  The	   Fig.	   from	   54	   to	   60	   summarize	   the	   results	   obtained	   in	   adjustment	   nebulizer	  settings:	  	  	  
	  Figure	  54:	  Gas	  Temperature.	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  Figure	  55:	  Gas	  Flow.	  	  	  	  To	   optimize	   the	  nebulizer	   pressure,	   different	   values	  were	   evaluated	  between	  20	  and	  55	  psi.	  The	  results	  are	  shown	  in	  Fig.	  56.	  	   	  
	  Figure	  56:	  Nebulizer.	  	  	  	  It	  was	  noted	  an	  increase	  of	  sensitivity	  from	  20	  to	  25	  psi,	  but	  there	  was	  a	  decrease	  of	   sensitivity	   depending	   on	   the	   pressure	   increase.	   From	   the	   value	   of	   25	   psi	   it	   is	  observed	  a	  considerable	  sensitivity	  decrease.	  	  	  	  
	   134	  
	   	  
	  Figure	  57:	  Sheath	  Gas	  Temperature.	  	  	  	  
	  Figure	  58:	  Sheath	  Gas	  Flow.	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  Figure	  59:	  Capillary	  Voltage.	  	  	  	  	  Capillary	  and	  Nozzle	  Voltage	  affect	  the	  increase	  of	  the	  ions	  charge	  and	  coulombic	  effect	  in	  the	  ion	  source	  of	  the	  mass	  spectrometer,	  both	  parameters	  were	  adjusted	  with	   the	   aim	   of	   optimizing	   the	   ions	   formation	   yield	   thus	   contributing	   to	   an	  increase	   of	   the	   sensitivity.	   The	   results	   obtained	   in	   this	   part	   of	   the	   study	   are	  represented	  in	  Fig.	  60	  for	  the	  selected	  transitions.	  	   	  
	  Figure	  60:	  Noozle	  Voltage.	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The	  collision	  energies	  were	  optimized	  for	  each	  fragment	  ion	  (four	  transitions)	  and	  the	   results	   obtained	   are	   shown	   in	   the	   table.	   This	   table	   also	   summarizes	   the	  optimized	  values	  obtained	  for	  the	  parameters	  evaluated	  in	  this	  study.	  	  
	  




4.4.3.	  DETERMINATION	  OF	  THE	  LIMITS	  OF	  DETECTION	  AND	  QUANTITATION	  	  The	  limit	  of	  detection	  (LOD)	  is	  the	  lowest	  concentration	  of	  analyte	  that	  produces	  a	  signal	   that	   can	   be	   compared	   statistically	   with	   standard	   signal.	   The	   limit	   of	  quantitation	   (LOQ)	   is	   the	   lowest	   concentration	  of	   analyte	   that	  produces	  a	   signal,	  which	  allows	  the	  quantification	  of	  the	  analyte	  with	  a	  high	  degree	  of	  precision	  and	  accuracy.	  Their	  determination	  was	  based	  on	  the	  peak	  area	  of	  the	  standard,	  as	  well	  as	   in	   the	  signal/noise	  ratio	   (S/N	  =	  3	   for	   the	  detection	   limit	  and	  S/N	  =	  10	   for	   the	  limit	  of	  quantification).	  The	  following	  formula	  was	  applied:	  	   	  	  	   	  	  
	  
	   137	  
4.4.4.	  MS/MS	  ANALYSIS	  	  Once	   the	   MS	   parameters	   were	   optimized,	   different	   MS	  modes	   (SCAN	   Single	   Ion	  Monitoring,	  SIM,	  and	  Multiple	  Reaction	  Monitoring,	  MRM)	  were	  used	  to	  carry	  out	  the	  MS	   analysis	   of	   the	   samples	  naturally	   contaminated	  with	  PLTXs.	  The	   analysis	  carried	  out	  in	  full	  scan	  mode	  is	  very	  useful	  because	  gives	  a	  full	  response	  about	  the	  ions	   formed	   in	   the	   ion	   source.	   It	   is	   helpful	   for	   developing	   SIM	   and	   MRM	  acquisitions.	   Also	   alerts	   analytes	   to	   other	   compounds	   that	   can	   co-­‐elute	   with	  compounds	  of	   interest	  and	  also	   to	   identify	  possible	  analogues	  of	   the	  molecule	  as	  target	  of	  our	  study.	  With	  this	  mode	  a	  whole	  profile	  is	  obtained.	  The	   Single	   Ion	   Monitoring	   is	   used	   in	   order	   to	   quantify	   the	   analytes	   identified	  previously	  by	   the	  SCAN	  mode.	  Lower	  detection	   limits	   can	  be	  obtained	   than	  with	  the	  SCAN	  mode	  for	  quantitative	  analyses.	  	  In	  SIM	  mode,	  the	  mass	  spectrometer	  is	  set	  to	  measure	  only	  the	  specified	  mass.	  MRM	   mode	   provides	   both	   absolute	   structural	   specificity	   for	   the	   analyte	   and	  relative	   or	   absolute	  measurement	   of	   analyte	   concentration	  when	   stable,	   labelled	  standards	   are	   added	   to	   a	   sample	   in	   known	   quantities.	   MRM	   delivers	   a	   unique	  fragment	   ion	   that	   can	   be	   monitored	   and	   quantified	   in	   the	   midst	   of	   a	   very	  complicated	  matrix.	  This	  characteristic	  makes	  the	  MRM	  plot	  ideal	  for	  sensitive	  and	  specific	  quantitation.	  	  Two	   MRM	   transitions	   were	   set	   up	   for	   the	   analysis	   of	   PLTX	   group	   toxins.	   The	  transition	  with	   the	   highest	   intensity	  was	   used	   for	   quantification	   proposes	  while	  the	  transition	  with	  the	  lower	  intensity	  was	  used	  for	  confirmation.	  Selecting	  these	  principal	  and	  representative	  transitions,	  1322.7	  →	  327.1	  as	  qualitative	  ion	  (q)	  and	  327.1	  →	  75.8	  as	  quantitative	  ion	  (Q)	  LC-­‐MS	  analysis	  were	  carried	  out	  in	  Multiple	  Reaction	  Monitoring	  mode.	   The	   number	   of	   transitions	   was	   reduced,	   in	   order	   to	  gain	  the	  sensitivity.	  These	  experiments	  were	  done	  with	  a	  Collision	  Energy	  (CE)	  of	  33	   and	   9	   eV,	   respectively	   for	   each	   transition,	   a	   fragmentor	   of	   200	   and	   260	   V;	   a	  Dwell	  time	  of	  600	  ms	  for	  both	  of	  them.	  	  	  
4.4.4.1.	  Analysis	  of	  PLTX	  in	  full	  SCAN	  mode	  SCAN	   mode	   was	   used	   in	   order	   to	   identify	   the	   toxin	   profile	   in	   dinoflagellate	  samples.	  Full	  scan	  MS	  experiments	  were	  carried	  out	  in	  the	  range	  of	  m/z	  700-­‐1500,	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  Figure	  61:	  LC-­‐MS/MS	  analysis	  of	  Ostreopsis	  sp.	  	  (SCAN	  mode)	  
	  
	  	  The	  presence	  of	  ovatoxin-­‐a	  was	   identified	   in	  samples	  of	  Ostreopsis	  ovata	   and	   the	  quantitation	   of	   ovatoxin-­‐a	  was	   carried	   using	   the	   standards	   of	   PLTX	   as	   indicated	  above.	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  Figure	  62:	  LC-­‐MS/MS	  analysis	  of	  Ostreopsis	  ovata	  in	  SCAN	  mode	  (m/z	  1200-­‐1400)	  	  	  The	   analysis	   was	   carried	   out	   selecting	   the	   fragments	   used	   for	   PLTX	   standard,	  which	  are	  indicated	  as	  follows:	  	  
• [M+3H-­‐3H2O]3+	  =	  865.2	  
• [M+2H+Na]3+	  =	  890.5	  
• [M+2H-­‐2H2O]2+	  =	  1306.2	  
• Molecular	  weight	  =	  2646.4	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  LC-­‐MS/MS	  Calibration	  was	   carried	  out	   for	  quantitation	  purposes	  using	  palytoxin	  standard	   solutions.	   Assuming	   that	   the	   common	   fragment	   ion	  m/z	   327.1	   yields	  
Palytoxin Ovatoxin 
	   	  
PLTX 
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equimolar	  response	  for	  all	  palytoxin	  group	  compounds	  (Table	  22).	  Calibration	  was	  obtained	  for	  a	  range	  2-­‐10	  µg/mL	  and	  quantitation	  of	  ovatoxin	  was	  established	  in	  terms	  of	  PLTX	  equivalents.	  Detection	  and	  quantitation	   limits	  obtained	  were	  0,82	  and	  2,74	  µg/mL,	  respectively.	  	  	  
	  
	   Figure	  65:	  Calibration	  curve	  for	  PLTX	  	  	  	  	   Table	  22:	  Quantitative	  results	  obtained	  (PLTX	  equivalents)	  	   M1	  (peak	  area)	   M2	  (peak	  area)	   Average	   C	  (µg/mL)	  
Algarve	   14953	   8600	   11776,5	   12,9	  
Madeira	   2207	   2214	   2210,5	   2,7	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  The	   presence	   of	   PLTX	   group	   toxins	   was	   not	   detected	   for	   the	   samples	   of	   O.	  
siamensis	  from	  Cascais.	  Similar	  results	  were	  reported	  in	  the	  literature,	  regarding	  to	  the	  lack	  of	  toxins	  associated	  to	  these	  species	  in	  some	  cases	  in	  Europe,	  which	  is	  in	  agreement	  with	  what	  we	  have	  found	  for	  this	  particular	  sample.	  	  	  Nevertheless	   in	   the	   case	  of	   species	   of	  Ostreopsis	  ovata,	   Fig.	   66	   shows	   the	   results	  obtained	  for	  the	  analysis	  of	  samples	  from	  the	  Algarve,	  in	  which	  the	  presence	  of	  the	  toxin	  has	  been	  clearly	  identified.	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4.4.4.3.	  MRM	  mode	  Mass	   spectrometer	   operating	   in	   MRM	   mode	   provides	   the	   simultaneous	  confirmation	  and	  quantitation	  of	  ovatoxin	  in	  contaminated	  samples.	  The	  following	  ions	   were	   monitored	   for	   ovatoxin-­‐a	   m/z	   1306.2,	   890.5	   and	   865.2,	   the	   same	  multicharged	   fragments	   used	   in	   SCAN	   mode;	   whereas	   the	   following	   ions	   were	  monitored	  for	  palytoxin	  m/z	  1322.2,	  901.1	  and	  875.2.	  	  For	  MRM	  proposes,	  fragment	  ions	  identified	  by	  SCAN	  mode	  analysis	  were	  selected	  as	  Precursor	  Ions	  and	  m/z	  327.1	  (common	  fragment	  for	  all	  PLTXs	  and	  used	  for	  SIM	  purposes)	  was	  selected	  as	  Product	  Ion.	  Following	  the	  optimal	  conditions	  proposed	  for	  MRM	  analysis,	  Fig.	  67	  shows	  an	  example	  of	  the	  analyses	  of	  Ostreopsis	  ovata.	  	  	  
Dinoflagellate Sample	  
PLTX equivalents	  
PLTX	  equivalents	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  Figure	  67:	  LC-­‐MS/MS	  Analysis	  of	  extract	  of	  O.	  ovata	  (MRM	  mode)	  	  	  	  Fig.	  67	  confirms	   the	  presence	  of	  ovatoxin-­‐a	   in	   the	  Ostreopsis	   sample	  under	  MRM	  acquisition	  mode	  after	  monitoring	  the	  different	  fragments	  by	  MRM,	  only	  ovatoxin-­‐a	   was	   found.	   The	   complex	   chemical	   structure	   of	   palytoxins	   and	   ovatoxins,	  containing	   a	   large	   number	   of	   carbon,	   oxygen	   and	   hydrogen	   and	   consequently	   a	  large	   number	   of	   isotopes	   could	   be	   also	   present,	   represented	   an	   additional	  complication	  to	  identify	  the	  correct	  molecular	  weights	  for	  the	  MS/MS	  fragments.	  	  	  
4.4.5.	   ALTERNATIVE	   METHOD	   FOR	   THE	   DETERMINATION	   OF	   PLTX	   AND	  
OVATOXIN	  	  To	   overcome	   the	   difficulties	   associated	   with	   the	   presence	   of	   isotopes	   a	   novel	  screen	   approach	   has	   been	   developed	   using	   the	   LC-­‐MS/MS	   analysis	   of	  substructures	   generated	   by	   oxidative	   cleavage	   of	   vicinal	   diol	   groups	   presents	   in	  the	  intact	  toxin	  (Fig.	  68)	  (Selwood	  et	  al,	  2012).	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effects (Deeds and Schwartz, 2010). Although the oral
toxicity of palytoxin and 45-hydroxy palytoxins are about
1000-fold less than that observed by intraperitoneal
injection (Munday, 2011; Sosa et al., 2009; Tubaro et al.,
2011), a regulatory limit of 30 mg kg!1 has been proposed
for shellfish flesh (EFSA, 2009). Ostreopsis has a world-wide
occurrence (Rhodes, 2011) and the increased frequency and
intensity of Ostreopsis blooms, particularly in coastal waters
of the Mediterranean (Mangialajo et al., 2011), have raised
global concern about the causes and consequences of these
phenomena which have been reviewed in a recent mono-
graph (Rossini, 2011).
Analytical methods are integral to understanding the
production, distribution, uptake and metabolism of marine
biotoxins. A variety of techniques have proved suitable for
characterising palytoxin and related analogues, and their
biological activities (Riobó and Franco, 2011). Mass spec-
trometric methods are powerful, particularly coupled with
liquid chromatography-mass spectrometry (LC-MS) and
have provided structural data on new analogues (Rossi
et al., 2010; Ciminiello et al., 2011b, 2011c) as well as
some information on levels in algae. However, quantitative
analysis of intact palytoxins by LC-MS with electrospray
ionisation is complicated by the complex spectra with the
ionisation spread across multiple charge states, mixed
cationised species (Hþ, Naþ, Kþ, NH4þ, Ca2þ) and the large
13C isotope contributions (Ciminiello et al., 2006, 2012c).
This leads to ambiguities in identification with low and
variable sensitivity and specificity for trace detection using
selected ion recording (SIR) or multiple reaction moni-
toring (MRM) techniques, especially in biological extracts.
There is an urgent need for sensitive, cost-effective, quan-
titative methods for trace determination of palytoxin and
related analogues. The potential regulation of palytoxin in
seafood, and the relative insensitivity of established
methods that monitor intact palytoxin structures,
heightens the need for such an assay (EFSA, 2009). In this
study we describe a quantitative screening method for
palytoxins, ovatoxins and ostreocins in shellfish and fish
flesh using LC-MS/MS analysis of substructures generated
by periodate oxidation, which incidentally represents the
reaction used as part of the original structural elucidation
of palytoxins (Moore and Bartolini, 1981; Usami et al., 1995)
and ostreocin-D (Ukena et al., 2001).
2. Materials and methods
2.1. Chemicals and reagents
High purity methanol was obtained from Burdick &
Jackson (MI, USA). Proanalysis grade ethanol, ethyl acetate,
acetic acid, periodic acid, Lichrosolv grade acetone, aceto-
nitrile, and Suprapur grade formic acid were from Merck
(Darmstaldt, Germany). Purified water was produced with
a Milli-Q system (Millipore, Nepean, ON, Canada). Purified
palytoxin standard was from Wako (Japan), and the
ostreocin-D standard was a gift from Associate Professor
Masayuki Satake (University of Tokyo, Japan). Stock stan-
dard solutions of palytoxin and ostreocin-D were prepared
at 10–25 mg mL!1 in methanol–water (1:1 v/v). Serial
dilutions were made in methanol–water (2:3 v/v) and



























































Fig. 1. Structure of palytoxin (PLTX). The two lines through the macrostructure indicate the location of the vicinal diols closest to either terminus.
A.I. Selwood et al. / Toxicon 60 (2012) 810–820 811
	  Figure	  68:	  Structure	  of	  palytoxin,	  indicating	  the	  location	  of	  the	  fragments	  (Selwood	  et	  al,	  2012)	  	  	  Quantitativ 	  analysis	  of	  intact	  palytoxins	  by	  LC-­‐MS	  with	  electrospray	  ionisation	  is	  complicated	   by	   the	   complex	   spectra	   with	   the	   ionisation	   spread	   across	   multiple	  charge	  states,	  mixed	  cationised	  species	  (H+,	  Na+,	  K+,	  NH4+,	  Ca2+)	  and	  the	   large	  13C	  isotope	   contr butions.	   This	   q antitative	   screening	   method	   for	   palytoxins,	  ovatoxins	   and	   ostreocins	   in	   shellfish	   and	   fis 	   flesh	   using	   LC-­‐MS/MS	   analysis	   of	  substructures	  generated	  by	  periodate	  oxidation.	  This	  fragment	  ion	  is	  proposed	  to	  arise	  from	  oxidative	  cleavage	  across	  the	  8,9	  diol	  ad	  likely	  co responds	  to	  an	  amide	  aldehyde.	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correspond to the expected cleavage of vicinal diols at the
positions closest to each end of the molecule. During the
original structural elucidation of palytoxin, these amide
and amino aldehydes were isolated in milligram quantities
following periodate oxidation (Moore and Bartolini, 1981;
Moore et al., 1980a, 1978). Under our UPLC-MS conditions
using a reversed phase column with acidic mobile phase
gradient and acquiring full scan þESI spectra, the amino
and amide aldehydes of palytoxin eluted at 1.4 and 1.6 min
respectively. The full scan mass spectra at these retention
times principally contained the protonated molecular
cations of these aldehydes, at m/z 300.2 and 343.2 respec-
tively. No other significant peaks were observed in the total
ion chromatogram (0.3–3.3 min) of the oxidized material.
Other fragments have been isolated from periodate
oxidized palytoxin, which correspond to additional cleav-
ages at diol moieties in the central part of the molecule
(Moore et al., 1980b). However, these are not detected
because they are of a lower molecular weight, are more
polar and also less favourable for electrospray ionisation
because of the lack of nitrogen. LC-MS analysis of the
oxidation products from ostreocin-D under the same
conditions showed two main products, the common amino
aldehyde of the same MW and retention time as that from
palytoxin, and an amide aldehyde that eluted slightly
earlier and was 14 amu lower MW that that from palytoxin
(m/z 329.2). This is as expected for ostreocin-D
(C127H220N3O53), which is 42-hydroxy-3,26-didemethyl-
19,44-dideoxypalytoxin (Ukena et al., 2001) and contains
the same amino moiety as palytoxin but has one methyl
group less in the amide moiety. Consideration of palytoxin,
its analogues and related compounds with known struc-
tures (Rossi et al., 2010; Ciminiello et al., 2011a) shows that
they all contain the same amino moiety and that there are
only small variations in the amide moiety (Scheme 1). This
rationale may also apply to the ovatoxins from O. ovata.
Although the structures have not been fully elucidated,
ovatoxin-a, -b and -c gave a prominent product ion in their
MS/MS spectra at m/z 327 (Ciminiello et al., 2008, 2010).
This fragment ion is proposed to arise from oxidative
cleavage across the 8,9 diol and likely corresponds to an
amide aldehyde. With further investigation the ovatoxins
could also be included in the method for quantitative
analysis. Therefore, microscale oxidation with the LC-MS
determination of the amino and amide fragments
provides a basis for a class analysis of the palytoxin-like
group of toxins. It is important to note that the structural
differences amongst many palytoxin-like analogues occur
in the middle part of the molecule and are not revealed in
the N-containing oxidation products.
Product ion spectra provided structural characterisation
of the oxidation products from palytoxin and ostreocin-D.
For the amino aldehyde (Fig. 2A), the base peak at m/z
107 corresponds to a cleavage at the ethylene bridge fol-
lowed by two successive losses of water. The high mass
region is dominated by water loss ions from MHþ and the
m/z 256/238 ions correspond to the loss of the aldehyde
group. For the amide aldehydes from palytoxin (Fig. 2B) and
ostreocin-D (Fig. 2C), the intense base peak ion observed at
m/z 76 corresponds to cleavage at the terminal amide while
m/z 123 (palytoxin) and m/z 109 (ostreocin-D) can be
rationalised as chain cleavage at the central hydroxyl with
loss of water. TheMRM transitionsm/z 300> 107 (common
amino aldehyde), m/z 343 > 76 (palytoxin-specific amide
aldehyde) andm/z 329 > 76 (ostreocin-D desmethyl amide
aldehyde) were chosen for trace determination of the
oxidation products from palytoxin and ostreocin-D and
could be detected at ng levels (Fig. 3).
3.2. Optimisation of microscale oxidation procedure
The effects of periodate concentration and time on the
formation of the oxidation products were investigated.
Initial experiments were performed using 0.038 nmoles
Scheme 1. Variants in the terminal amide aldehydes from periodate oxidation of palytoxin and analogues.
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  Figure	  69:	  Variants	  in	  the	  amide	  aldehyde	  terminal	  from	  periodate	  oxidation	  of	  palytoxin	  and	  analogues	  (Selwood	  et	  al.,	  2012)	  	  LC-­‐MS/MS	   conditio s	   and	  parameters	  were	   adjust d	   for	   the	   analysis	   of	   oxidiz d	  products	  provided	  by	  PLTXs	  derivatization	  reaction	  with	  periodate.	  The	  Optimizer	  software	  was	  used	  with	  this	  aim	  (using	  the	  Mass	  Hunter	  Optimizer	  software	  Mass	  Hunter	  Workstation	  softwar 	  B.04.01).	  The	  opti al	  results	  obtained	  are	  described	  below:	  	  
- G 	  Tempe ture:	  300	  °C	  
- Gas	  Flow:	  5	  L/min	  
- Nebulizer:	  45	  psi	  
- Sheat 	  Gas	  Tem eratu e:	  250	  °C	  
- Sheath	  Gas	  Flow:	  11	  L/min	  
- Capillary:	  3500	  V	  
- Noozle	  Volt ge:	  500	  V	  
	  Multiple	  Reaction	  Monitoring	  (MRM)	  was	  used	  for	  quantitation	  and	  confirmation	  The	  LC-­‐MS/MS	  was	  calibrated	  using	  PLTX	  standard	  solutions	  previously	  oxidized	  with	  periodate	  selecting	  300.2	  →	  107.1	  as	  the	  common	  amino	  aldehyde	  and	  300.2	  
→	  221.2;	  as	  quantitative	  transitions.	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Taking	  into	  account	  the	  previous	  results	  obtained	  by	  SCAN,	  SIIM	  and	  MRM	  mode	  for	   intact	   molecules,	   transitions	   (b);	   (c)	   (d),	   were	   selected	   for	   quantitative	  proposes	  of	  oxidized	  standards	  and	  samples.	  For	   confirmatory	   purposes	   MRM	   transitions	   (m/z	   343.2	  →	   76.1	   as	   palytoxin-­‐specific	  amide	  aldehyde	  and	  343.2	  →	  123.2)	  were	  used	  for	  the	  analysis	  of	  natural	  oxidized	  samples	  with	  periodate,	  previously	  to	  LC-­‐MS/MS	  analysis.	  	  The	   results	   obtained	   regarding	   the	   presence	   of	   Ovatoxin	   in	   Ostreopsis	   ovata	  samples	  are	  confirmed	  (Fig.	  70).	  	  	  	  
	  Figure	  70:	  MRM	  of	  PLTX	  standard	  (300	  ng/mL)	  	  	  	  Calibration	   of	   LC-­‐MS/MS	   was	   carried	   out	   using	   oxidized	   standard	   solutions	   of	  PLTX	   (100,	   200,	   300	   and	   400	   ng/mL).	   Detection	   limit	   obtained	   was	   28,3	   ng	  equivalents	  PLTX/mL	  and	  Quantitation	  limit	  corresponded	  to	  94,3	  ng	  equivalents	  PLTX/mL.	   The	   results	   obtained	   clearly	   show	   the	   improved	   sensitivity	   obtained	  using	  this	  derivatization	  approach.	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  Figure	  71:	  Calibration	  curve	  for	  the	  amino	  aldehyde	  	  	  	  
	  Comparative	   results	   obtained	   using	   the	   LC-­‐MS/MS	   approaches	   with	   or	   without	  oxidation	   (SIM,	   MRM	  mode	   and	  MRM	  mode	   with	   oxidation)	   for	   the	   analyses	   of	  natural	  contaminated	  samples	  are	  shown	  in	  Table	  23:	  
	  
	   Table	  23:	  LC-­‐MS/MS	  results	  using	  different	  acquisition	  modes	  	  	  	  OSTREOPSIS	  	  	  	  	  	  EXTRACTS	   	  	  SIM	  Mode	  	  	  	  (µg/mL)	  	   	  	  	  	  	  	  	  	  MRM	  Mode	  	  	  	  	  	  	  	  (no	  oxidation)	  	  	  	  	  	  	  	  	  	  	  	  (µg/mL)	   	  	  	  	  	  	  	  	  MRM	  Mode	  	  	  	  	  	  	  	  	  	  (Oxidation)	  	  	  	  	  	  	  	  	  	  	  	  (µg/mL)	  	  	  	  	  	  Algarve	   	  	  	  	  	  	  12,9	   	  	  	  	  	  	  	  	  	  	  	  	  	  3,53	   	  	  	  	  	  	  	  	  	  	  	  11,1	  	  	  	  	  	  Madeira	   	  	  	  	  	  	  	  	  2,7	   	  	  	  	  	  	  	  	  	  	  	  	  	  1,17	   	  	  	  	  	  	  	  	  	  	  	  	  	  2,1	  	  	  	  From	   the	   results	  obtained	   it	   can	  be	  observed	   the	  discrepancy	  obtained	  when	  no	  oxidation	   is	   included	   in	   the	   protocol.	   These	   results	   can	   be	   explained	   due	   to	   the	  number	  of	  carbon	  isotopes	  and	  several	  adducts	  obtained	  for	  ovatoxin.	  The	   oxidation	   protocol,	   as	   it	   was	   mentioned	   above,	   allows	   an	   increase	   on	   the	  sensitivity;	   the	   main	   disadvantage	   with	   this	   protocol	   is	   related	   with	   the	   loss	   of	  structural	  information,	  which	  makes	  difficult	  the	  identification	  of	  the	  toxins	  profile	  in	  naturally	  contaminated	  samples.	  The	   results	  obtained	  show	   that	  on-­‐column	  oxidation	  could	   represent	  an	  efficient	  approach	  to	  simplify	  and	  improve	  the	  analysis	  of	  palytoxin-­‐like	  compounds,	  it	  has	  
y	  =	  2,37x	  +	  8,33	  R2	  =	  0,9950	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been	   also	   proved	   to	   be	   an	   efficient	   approach	   since	   the	   oxidation	   products	  were	  well	  retained	  and	  could	  be	  eluted	  in	  a	  small	  volume	  of	  60	  %	  methanol.	  	  
	  
	  
4.4.6.	  COMPARISON	  WITH	  ELISA	  RESULTS	  
	  Both	   ELISA	   and	   LC-­‐MS/MS	   were	   applied	   to	   the	   analysis	   of	   the	   naturally	  contaminated	  samples	  of	  Ostreopsis	  and	  the	  results	  obtained	  showed	  a	  significant	  discrepancy	  (Table	  24).	   	  	  	  Table	  24:	  Palytoxins	  content	  in	  Ostreopsis	  samples	  determined	  by	  ELISA	  and	  LC-­‐MS/MS	  
SAMPLE ELISA (ng/mL) 
LC-MS/MS 
(ng/mL) 
Ostreopsis ovata (Algarve) 2250  11100 
Ostreopsis ovata (Madeira) 687  2100 
Ostreopsis siamensis 
(Cascais) 27 0 
	  	  At	   this	   point	   we	   cannot	   take	   accurate	   conclusions	   about	   the	   reasons	   for	   this	  discrepancy,	   since	   an	   exhaustive	   comparison	   of	   both	  methods	   should	   have	   been	  carried	   out,	   and	   these	   studies	   should	   have	   been	   taken	   into	   account	   and	   need	  further	  evaluation.	  Degradation	  of	  the	  samples	  could	  be	  one	  of	  the	  reasons	  for	  this	  discrepancy,	  since	  the	   samples	   had	   to	   be	   transported	   from	   Spain	   to	   Italy	   and	   were	   already	   “old”	  samples	   before	   the	   transportation,	   nevertheless	   this	   should	   not	   be	   consider	   the	  only	   reason	   for	   this	   justification,	   since	   it	   would	   have	   been	   also	   important	   to	  consider	   other	   factors	   affecting	   the	   performance	   of	   both	  methodologies	   applied,	  for	   instances,	   in	   the	   case	   of	   LC-­‐MS/MS	   method,	   an	   evaluation	   of	   the	   whole	  protocol,	  including	  recovery	  experiments,	  not	  only	  after	  the	  oxidation	  reaction,	  but	  also	  after	  the	  clean	  up	  step,	  should	  have	  been	  considered,	  to	  evaluate	  the	  efficiency	  of	  these	  steps	  in	  terms	  of	  yield	  of	  the	  oxidation	  reaction	  products,	  efficiency	  in	  the	  interferences	  removal	  etc…	  All	  these	  factors	  were	  important	  to	  be	  considere	  in	  this	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study	   to	   get	   adequate	   conclusions	   about	   the	   performance	   of	   the	   LC-­‐MS/MS	  method,	  but	   this	  was	  not	   the	  main	  objective	  of	   the	  work	  at	   this	  particular	   stage,	  and	  on	   the	  other	  hand,	   the	   limitation	  of	  standards	  and	  reference	  materials	  made	  difficult	  to	  carry	  out	  this	  evaluation	  in	  a	  proper	  way.	  	  The	  aim	  of	  this	  part	  of	  the	  work	  was	  mainly	  focused	  in	  evaluating	  the	  performance	  on	  both	  ELISA	  and	  LC-­‐MS/MS	  methodologies	  in	  order	  to	  establish	  their	  sensitivity,	  efficiency	  etc…	  to	  be	  able	  to	  understand	  the	  analytical	  tools	  available	  at	  this	  stage	  for	   this	  particular	  application,	  but	   from	  the	  results	  obtained	   it	   is	   clear	   that	  more	  studies	  are	  needed	  for	  a	  proper	  evaluation	  and	  comparison	  of	  	  both	  methodologies.	  
	  
	  
4.4.7.	  DISCUSSION	  AND	  CONCLUSIONS	  	  	  The	  results	  obtained	  in	  this	  work	  are	  in	  agreement	  with	  previous	  studies	  showing	  the	   lack	  of	   sensitivity	  of	   the	  current	  methods	  based	  on	  LC-­‐MS	  detection	  of	   intact	  palytoxins.	   The	   main	   advantage	   of	   using	   LC-­‐MS/MS	   for	   intact	   molecules	   is	  regarding	  its	  ability	  for	  confirmation	  of	  the	  profile.	  The	  alternative	  LC-­‐MS/MS	  method	   involving	  an	  oxidation	  step	  combined	  with	  an	  SPE	   clean-­‐up	   enables	   a	   rapid	   and	   highly	   sensitive	   methodology	   to	   analyse	  naturally	   contaminated	   samples	   with	   low	   levels	   of	   PLTX	   analogues:	   This	  methodology	  has	  been	  applied	   in	   this	  work	  and	   the	  results	  obtained	  allowed	  the	  identification	  quantitation	  and	  confirmation	  of	  Ovatoxin	  a	  in	  samples	  from	  Algarve	  and	  Madeira	  	  Results	  obtained	  for	  the	  analysis	  of	  PLTX	  analogues	  in	  the	  samples	  from	  Algarve,	  Madeira	   and	   Cascais	   by	   LC-­‐MS/MS	   have	   been	   compared	  with	   those	   obtained	   by	  ELISA.	  	  No	   very	   good	   correlation	   and	   some	   discrepancies	   has	   been	   observed	   for	   the	  samples	  from	  Algarve	  and	  Madeira,	  as	  well	  as	  with	  the	  sample	  from	  Cascais.	  This	  discrepancy	  could	  be	  associated	  with	  a	  potential	  degradation	  of	  this	  sample.	  	  The	  results	  obtained	   in	   this	  study	  show	  the	  potential	  of	  ELISA	  as	  a	  sensitive	  tool	  for	  screening	  of	  PLTs	  while	  LC-­‐MS/MS	  particularly	  in	  the	  oxidation	  mode	  resulted	  in	   a	   powerful	   tool	   for	   identification,	   quantitation	   and	   confirmation	   of	   the	   PLTXs	  present	  in	  naturally	  contaminated	  samples.	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4.5.	  IN	  VITRO	  EFFECT	  OF	  PALYTOXIN	  ON	  CARDIOMYOCYTES	  
	  
In	   vivo	   observations	   after	   oral	   palytoxins	   administration	   to	   mice	   (increased	  hematic	   levels	   of	   creatin	   phosphokinase,	   transaminases,	   lactate	   dehydrogenase	  and	   K+;	   Sosa	   et	   al.,	   2009;	   Tubaro	   et	   al.,	   2011a)	   and	   toxic	   signs	   in	   humans	   after	  contaminated	   seafood	   consumption	   (arrhythmias,	   electrocardiographic	   changes;	  Tubaro	   et	   al.,	   2011b)	   suggest	   cardiac	  muscle	   as	  main	   target	   of	   palytoxins.	   Thus,	  primary	   cultures	   of	   rat	   ventricular	   cardiomyocytes	   were	   used	   to	   evaluate	   the	  effects	   of	   palytoxin,	   with	   the	   aim	   to	   investigate	   its	   mechanism	   of	   action	   and	  develop	   new	   assays,	   based	   on	   the	   toxin	   activity	   on	   these	   excitable	   cells,	   for	  palytoxin	  detection.	  To	  evaluate	  the	  in	  vitro	  effects	  of	  palytoxin	  on	  cadiomyocytes,	  two	  end	  points	  were	  considered:	   mitochondrial	   activity	   of	   living	   cells,	   measured	   by	   the	   MTT	   assay	  (Mosmann,	  1983),	  and	  cell	  mass,	  measured	  by	  Sulforhodamine	  B	  (SRB)	  assay,	  that	  quantify	   the	   cellular	   protein	   content	   (Skehan	   et	   al.,	   1990).	   MTT	   assay	   and	   SRB	  assay	  were	  carried	  out	  incubating	  the	  cells	  with	  scalar	  concentrations	  of	  palytoxin	  (5.6	  x	  10-­‐13-­‐1.0	  x	  10-­‐7	  M)	  for	  15	  and	  4	  hours.	  Fig.	  72	  and	  73	  shows	   the	  concentration-­‐effect	  curves	  obtained	  by	   the	  MTT	  assay	  exposing	  the	  cells	  to	  the	  toxin	  for	  15	  hours	  and	  4	  hours.	  After	  15	  hours	  exposure,	  the	   toxin	   exerted	   a	   concentration-­‐dependent	   reduction	   of	  mitochondrial	   activity	  starting	  from	  1.0	  x	  10-­‐12	  M	  that	  was	  almost	  completely	   inhibited	  at	  about	  10-­‐9	  M.	  The	   toxin	   concentration	   that	   reduced	  mitochondrial	   activity	  by	  50	  %	   (EC50)	  was	  2.66	  ±	  0.13	  x	  10-­‐11	  M,	  after	  15	  hours	  incubation	  (Fig.	  72).	  Reducing	  the	  exposure	  to	  4	  hours,	  mitochondrial	  activity	  was	  reduced	  starting	  from	  a	  higher	  concentration	  (about	  10-­‐9	  M)	  and	  was	  almost	  completely	  inhibited	  at	  10-­‐7	  M,	  with	  an	  EC50	  of	  4.36	  ±	   0.09	   x	   10-­‐9	  M	   (Fig.	   73).	   Thus,	   the	   potency	   of	   palytoxin	   towards	  mitochondrial	  activity	   after	   15	   hours	   exposure	   was	   two	   orders	   of	   magnitude	   higher	   that	   that	  measured	  after	  4	  hours	  exposure.	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  Figure	  72:	  Effect	  of	  palytoxin	  on	  mitochondrial	  activity	  in	  cardiomyocytes	  after	  15	  h	  exposure	  	  (MTT	  assay).	  Data	  represent	  the	  mean	  ±	  S.E.	  of	  4	  independent	  experiments	  	  	  	  	  




































	  Figure	  73:	  Effect	  of	  palytoxin	  on	  mitochondrial	  activity	  in	  cardiomyocytes	  after	  4	  h	  exposure	  	  (MTT	  assay).	  Data	  represent	  the	  mean	  ±	  S.E.	  of	  4	  independent	  experiments	  	  	  	  Fig.	  74	  and	  75	  show	  the	  effect	  of	  palytoxin	  on	  cell	  mass,	  measured	  by	  SRB	  assay,	  after	  15	  and	  4	  hours	  incubation	  with	  the	  toxin.	  After	  15	  hours	  exposure,	  palytoxin	  reduced	  cell	  mass	  by	  about	  50	  %	  already	  at	  the	  lowest	  concentration	  (0.56	  x	  10-­‐12	  M),	  with	  an	  almost	  complete	  inhibition	  at	  about	  10-­‐10	  M	  (EC50	  =	  1.17	  ±	  0.15	  x	  10-­‐12	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M;	   Fig.	   74).	   After	   4	   hours	   exposure,	   the	   toxin	   reduced	   cell	   mass	   already	   at	   the	  lowest	   concentration	   (0.56	   x	   10-­‐12	   M;	   about	   20	   %	   reduction),	   with	   almost	   a	  complete	  inhibition	  at	  10-­‐7	  M.	  In	  this	  condition,	  the	  EC50	  value	  was	  2.45	  ±	  0.07	  x	  10-­‐9	  M	  (Fig.	  75).	  The	  potency	  of	  palytoxin	  on	  cell	  mass	  after	  15	  hours	  exposure	  was	  three	  orders	  of	  magnitude	  higher	  that	  that	  measured	  after	  4	  hours	  exposure.	  	  	  



























	  Figure	  74:	  Effect	  of	  palytoxin	  on	  cardiomyocytes	  mass	  after	  15	  h	  exposure	  (SRB	  assay).	  	  Data	  represent	  the	  mean	  ±	  S.E.	  of	  4	  independent	  experiments.	  	  	  	  



























	  Figure	  75:	  Effect	  of	  palytoxin	  on	  cardiomyocytes	  mass	  after	  4	  h	  exposure	  (SRB	  assay).	  	  Data	  represent	  the	  mean	  ±	  S.E.	  of	  4	  independent	  experiments.	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These	   data	   demonstrate	   that	   exposure	   of	   cardiomyocytes	   to	   sub-­‐nanomolar	  concentrations	  of	  palytoxin	  (0.00056–100	  nM)	  caused	  a	  concentration-­‐	  and	  time-­‐dependent	  cytotoxic	  effect,	  measured	  as	  reduction	  of	  mitochondrial	  activity	  and	  of	  cell	   mass.	   Further	   studies	   are	   necessary	   to	   investigate	   the	   cellular	   mechanisms	  involved	  in	  the	  toxic	  action	  of	  palytoxin	  in	  cardiomyocytes	  and,	  tentatively,	  to	  set	  up	  methods	  of	  the	  toxin	  detection	  based	  on	  the	  mechanism	  of	  action.	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6.	  APPENDICES	  
	  
6.1.	  ABBREVIATIONS	  	  Ab	   	   Antibody	  Abs	   	   Absorbance	  AOAC	   	   Association	  of	  Official	  Analytical	  Chemist	  ARfD	   	   Acute	  Reference	  Dose	  ASP	   	   Amnesic	  Shellfish	  Poisoning	  AZA	   	   Azaspiracids	  b.d.	   	   Body	  Weight	  BSA	   	   Bovine	  Serum	  Albumin	  CE	   	   Collision	  Energy	  CS	   	   Calibration	  solution	  CTX	   	   Ciguatoxins	  C18	   	   Octadecilsilano	  DA	   	   Domoic	  Acid	  DEE	   	   Diethyl	  ether	  DSP	   	   Diarrhetic	  Shellfish	  Poisoning	  EFSA	   	   European	  Food	  Safety	  Authority	  ELISA	   	   Enzyme	  Linked	  Immunosorbent	  Assay	  ESI	   	   Electrospray	  Ionization	  eV	   	   Electronvolt	  g	   	   Gram	  GYM	   	   Gymnodimines	  HPLC	   	   High	  Performance	  Liquid	  Chromatography	  HRP	   	   HorseRadisch	  Peroxidase	  IgG	   	   Immunoglobulin	  G	  i.p.	   	   Intra-­‐peritoneal	  IUPAC	  	   International	  Union	  of	  Pure	  and	  Applied	  Chemistry	  L	   	   Liter	  LC-­‐MS/MS	   Liquid	  Chromatography	  coupled	  with	  Mass	  Spectrometry	  in	  tandem	  LD50	   	   Lethal	  Dose,	  50%	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LOAEL	  	   Lowest-­‐Observed-­‐Adverse-­‐Effects	  Level	  LOD	   	   Limit	  Of	  Detection	  LOQ	   	   Limit	  Of	  Quantitation	  LC	   	   Liquid	  Chromatography	  M	   	   Molar	  mAb	   	   Monoclonal	  Antibody	  mg	   	   Milligram	  ms	   	   Millisecond	  min	   	   Minute	  mL	   	   Milliliter	   	   	  mM	   	   Mili	  Molar	  MPLs	   	   Maximun	  Permitted	  Levels	  MRM	   	   Multiple	  Reaction	  Monitoring	  MS	   	   Mass	  Spectrometry	  MTT	   	   3-­‐(4,5-­‐Dimethylthiazole-­‐2-­‐yl)-­‐2,5-­‐biphenyl	  tetrazolium	  bromid	  assay	  MU	   	   Mouse	  Unit	  m/z	   	   Rate	  mass/charge	  NOAEL	   No-­‐Observed-­‐Adverse-­‐Effects	  Level	  nm	   	   Nanometers	  OA	   	   Okadaic	  Acid	  pAb	   	   Policlonal	  Antobody	  PBS	   	   Phosphate	  Buffer	  Saline	  PbTx	   	   Brevetoxin	  PLTX	   	   Palytoxin	  PnTX	   	   Pinnatoxin	  PSP	   	   Paralytic	  Shellfish	  Poisoning	  rpm	   	   Revolutions	  Per	  Minute	  RSDr	   	   Relative	  Standard	  Deviation	  of	  repeatability	  S.E.	   	   Standard	  Error	  SEM	   	   Standard	  Error	  Mean	  SIM	   	   Selection	  Ion	  Monitoring	  SPX	   	   Spirolides	  SRB	   	   Sulforhodamide	  Assay	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STX	   	   Saxitoxin	  Tris	   	   Tris(hidromethyl)aminometane	  TMB	   	   3,3’,5,5’-­‐Tetramethylbenzidine	  V	   	   Volt	  WS	   	   Working	  solution	  YTX	   	   Yessotoxin	  µl	   	   Microliter	  µm	   	   Micrometer	  °C	   	   Degrees	  Celsius	  	  	  
